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La hipoxia activa un programa transcripcional a través de los factores HIF1α y 
HIF2α, destinado a adaptar a las células a las bajas tensiones de oxígeno. Dentro de 
estas respuestas adaptativas se encuentra la atenuación de la proliferación autónoma 
de célula. En este sentido, es bien conocido el efecto represor de la hipoxia, a través 
de vías dependientes de HIF1α e independientes de HIF, sobre el complejo mTORC1, 
esencial en el control de la síntesis proteica y por tanto de la proliferación celular. Sin 
embargo, en los últimos años el factor HIF2α se ha revelado como un elemento 
promotor de la proliferación en diversos contextos biológicos de los que el carcinoma 
renal de célula clara deficiente para VHL es el mejor caracterizado. Esta paradójica 
situación nos ha llevado a profundizar en el estudio del papel específico del factor 
HIF2α sobre la actividad de mTORC1. El resultado de dicho estudio es el trabajo de 
tesis aquí presentado, en el que demostramos que HIF2α ejerce un papel activador 
sobre mTORC1, opuesto al clásicamente descrito para la subunidad HIF1α y otras 
señales inducidas por hipoxia. El mecanismo molecular a través del cual HIF2α ejecuta 
esta activación conlleva la inducción del transportador de aminoácidos SLC7A5, que 
aquí identificamos como una nueva diana transcripcional específica de la isoforma 
HIF2α. Caracterizamos por tanto un nuevo vínculo entre las rutas de percepción de 
oxígeno HIF y la regulación de mTORC1 que proporciona además la base molecular a 
las propiedades pro-tumorales de HIF2α en los carcinomas renales de célula clara 
deficientes en VHL. Además describimos la operatividad de esta ruta en dos 
escenarios fisiológicos adicionales, hígado y pulmón, en los que la isoforma HIF2α y la 
propia hipoxia -en el caso del pulmón- también promueven la actividad de mTORC1 y 






















































Hypoxia activates a transcriptional programme through the hypoxia-inducible 
factors HIF1α and HIF2α in order to adapt cells to these low oxygen tensions. One of 
these adaptive responses involves the attenuation of cell autonomous proliferation. It is 
also well-known that the mTORC1 complex, which is essential for protein synthesis 
and cell proliferation, is repressed in certain cell types in hypoxia via HIF1α-dependent 
and HIF-independent pathways. However, the HIF2α oxygen sensing pathway has 
emerged in the last years as a proliferation promoting factor in several biological 
settings, such as renal cell carcinoma upon loss of Von Hippel-Lindau (VHL) tumor 
suppressor. This paradoxical scenario led us to go in depth in the specific role of HIF2α 
on mTORC1 regulation. Here we show that HIF2α acts as an mTORC1 activator, which 
is in sharp contrast with the classically repressive activity described for HIF1α subunit 
and hypoxia. The molecular mechanism underlying this HIF2α-dependent mTORC1 
activation involves the upregulation of the amino acid carrier SLC7A5 expression, 
which here is described as a new specific transcriptional target of HIF2α isoform. 
Therefore, we characterize a novel link between the oxygen-sensing HIF pathways and 
mTORC1 regulation, revealing the molecular basis of the tumor promoting properties of 
HIF2α in von Hippel-Lindau (VHL)-deficient cells. We also describe relevant 
physiological scenarios, such as liver and lung, where HIF2α or low oxygen tension 
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N-TAD: N-terminal Transactivation Domain; Dominio N-terminal de transactivación. 
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Redd1: Protein Regulated in Development and DNA Damage Response 1; Proteína 
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shRNA: short hairpin ARN. 
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VEGF: Vascular Endothelial Growth Factor; Factor de crecimiento del endotelio 
vascular. 





























1. EL OXÍGENO. 
La aparición del oxígeno (O2) en la biosfera hace 2.200 millones de años 
supuso uno de los momentos claves en la evolución, ya que proporcionó a los 
organismos la oportunidad de generar energía más eficientemente. De acuerdo con la 
teoría endosimbiótica, las mitocondrias surgieron a partir de bacterias con capacidad 
para metabolizar el O2 que sobrevivieron a la endocitosis por otras especies. La 
habilidad de estas bacterias simbiontes para realizar la respiración celular en las 
células hospedadoras, sustituyendo a la fermentación anaerobia, significó una 
considerable ventaja para estos organismos por su capacidad para generar energía 
más eficientemente. Este hecho supuso la base de su éxito evolutivo, pero también 
hizo a estos organismos altamente dependientes del O2 para su desarrollo y 
supervivencia, motivo por el que las especies aerobias han desarrollado mecanismos 
moleculares para detectar fluctuaciones en el aporte de O2 y regular así numerosas 
funciones celulares en respuesta a  escenarios de hipoxia o hiperoxia.  
Es importante destacar, en primer lugar, que las células están expuestas a 
diferentes tensiones de O2 ya en condiciones basales, siendo las presiones parciales 
de O2 (PO2) muy diferentes en las distintas localizaciones anatómicas. En la mayoría 
de los tejidos estas PO2 varían entre 20 y 70 mmHg (equivalente a ~2.5 a 9.0 KPa), 
alcanzando valores superiores en la sangre arterial (~100 mmHg ó 13 KPa), e 
inferiores en ciertos compartimentos tisulares, tales como la médula renal o la médula 
ósea, que se encuentran de manera natural menos oxigenados y en los que la PO2 
puede llegar a niveles de 10-20 mm Hg (~1,3 a 2,6 KPa) (Aragonés et al., 2009; Ward, 
2008). Se desconoce en gran medida cuál es el papel fisiológico de esta hipoxia 
natural existente en algunas localizaciones anatómicas en situaciones no patológicas. 
En cualquier caso esta homeostasis basal en el aporte de O2 puede desbalancearse 
de manera sistémica (hipoxemia) o local durante el desarrollo de numerosas 
patologías. Una disminución sistémica en el aporte de O2 ocurre, por ejemplo, en 
condiciones de hipoxia crónica en la altura o en la patología pulmonar, escenarios que 
cursan con disminuciones más o menos notorias en la PO2 sanguínea que 
desencadenan un escenario de hipoxemia. En otras patologías tales como la isquemia 
cardíaca y periférica, la progresión de tumores sólidos, los focos inflamatorios o la 
expansión del tejido adiposo, el aporte de O2 se compromete de forma local, 














zonas perinecróticas de los tumores), en las que llegan a alcanzarse incluso 
situaciones de anoxia (< 0,01 KPa) (Ward, 2008). 
2. FACTORES DE TRANSCRIPCIÓN INDUCIBLES POR HIPOXIA (HIF). 
Desde que hace casi un cuarto de siglo Carl Wilhelm Scheele descubriera el O2 
y lo denominara “el aire del fuego”, ha sido en los últimos años cuando se han 
producido grandes avances en los conocimientos moleculares sobre cómo las células 
perciben los niveles de O2 y cómo estos ejes moleculares son componentes centrales 
de la fisiopatología. Estos mecanismos están muy conservados evolutivamente e 
implican, en situaciones de insuficiencia en la disponibilidad de O2 (hipoxia), un cambio 
en la expresión génica celular que busca el restablecimiento del aporte de O2 y al 
mismo tiempo la adaptación del metabolismo de la célula para procurar su 
supervivencia. Dicha reprogramación transcripcional la llevan a cabo los factores 
inducibles por hipoxia HIF (Gu et al., 1998; Tian et al., 1997; Wang et al., 1995). 
2.1. Descripción molecular. 
Los factores de transcripción HIF son heterodímeros miembros de la familia de 
los factores de transcripción basic helix-loop-helix (bHLH)-PAS. Están formados por 
una subunidad α (112-120 kDa) y otra β (91-94 kDa) también denominada ARNT 
(traslocador nuclear del receptor para aril hidrocarburos). Ambas subunidades 
presentan un dominio bHLH y un dominio PAS implicados en su heterodimerización y 
en su unión a ADN (Jiang et al., 1996; Wang et al., 1995). La subunidad α posee 
además dos dominios de transactivación, uno en posición N-terminal (N-TAD) y otro 
en su extremo C-terminal (C-TAD), mientras que la subunidad β sólo presenta un 
dominio de transactivación (TAD) C-terminal.  Se han descrito tres isoformas de la 
subunidad α: HIF1α, HIF2α (también denominada EPAS, proteína PAS endotelial) y, la 
menos caracterizada, HIF3α (Gu et al., 1998). Cada una de estas isoformas está 
codificada por distintos genes. Con respecto a HIF1α y HIF2α, las más estudiadas, 
presentan un 48% de homología y comparten similitudes estructurales y bioquímicas. 
Ambas presentan una expresión preferente en función del tipo de tejido y aunque 
coinciden en la inducción de algunos genes comunes de respuesta a hipoxia, también 
presentan ciertas funciones transcripcionales específicas (ver más adelante). Por otro 
lado existen evidencias que apuntan a que la estabilización de HIF2α requiere de una 
hipoxia menos severa que la de HIF1α. Aunque los mecanismos responsables son 
todavía desconocidos, ésto sugiere que HIF2α podría ser una primera línea de 
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Figura 1. Dominios estructurales de HIF1α, HIF2α y HIFβ. Las tres subunidades 
presentan los dominios bHLH y PAS responsables de la dimerización y de la unión al 
ADN. Todas poseen dominios de transactivación TAD. Las subunidades HIF1α y HIF2α 
presentan dominios de degradación dependiente de oxígeno (ODD) en los que se resaltan 
las prolinas críticas susceptibles de hidroxilación. También se señala la asparragina 
hidroxilable del dominio C-TAD en cada una de las subunidades HIF1α y HIF2α que regula 
su activación transcripcional. 
2.2. Regulación de su estabilidad y actividad. 
La regulación tanto de la expresión como de la actividad del factor de 
transcripción HIF ocurre a través de modificaciones postraduccionales en la subunidad 
α, siendo la expresión de la subunidad β constitutiva. Las subunidades HIFα, en 
cambio, en presencia de O2 (normoxia) tienen una vida media de unos 5 minutos, 
mientras que en hipoxia, cuando la concentración de O2 se hace limitante, su vida 
media se incrementa sustancialmente y aumenta su expresión. La base molecular de 
esta regulación en función de los niveles de O2 está mediada por la hidroxilación de 
las subunidades HIFα por una familia de proteínas dioxigenasas dependientes de 2-
oxoglutarato, hierro y O2, denominadas PHDs (proteínas con dominio prolil-hidroxilasa) 
(Bruick and McKnight, 2001; Epstein et al., 2001). Estas PHDs son consideradas los 
sensores de O2 de la célula. Así, en normoxia, las PHDs tiene suficiente O2 para la 
hidroxilación de las subunidades HIFα en dos residuos de prolina críticos situados 
dentro del dominio de degradación dependiente de O2 (ODD) (Jaakkola et al., 2001) 














Lindau, VHL, que forma parte de un complejo E3 ubiquitín-ligasa que ubiquitina a las 
subunidades HIFα hidroxiladas, desencadenando su degradación por el proteasoma 
(Ivan et al., 2001; Jaakkola et al., 2001). En hipoxia, sin embargo, las PHDs no 
disponen de suficiente O2 para hidroxilar las subunidades HIFα, éstas escapan a la 
degradación vía VHL y por lo tanto su expresión aumenta. Como consecuencia, la 
subunidad HIFα se transloca al núcleo donde heterodimeriza con la subunidad HIFβ y 
promueve la transcripción de sus genes diana (Semenza, 2003a) (Figura 2). Un 
aspecto fundamental de las PHDs es que son las enzimas más sensibles a O2 
conocidas hasta la fecha, de modo que no es necesario que se alcancen situaciones 
cercanas a la anoxia para que su actividad se inhiba. Su afinidad por el O2 es muy 
baja, por lo que en condiciones moderadas de O2 (< 5% O2) la actividad de las PHDs 
ya empieza a comprometerse (Ehrismann et al., 2007; Koivunen et al., 2007). Este es 
un aspecto clave desde el punto fisiológico ya que la inhibición de las PHDs (y por 
tanto la activación de los factores HIF) tiene lugar dentro de un rango fisiopatológico 
que permite, entre otros aspectos, adaptar a las células antes de que puedan 
encontrarse en situaciones de hipoxia más severa y deletérea para ellas.    
Como se ha mencionado anteriormente las subunidades HIFα tiene dos 
dominios de transactivación, N-TAD y C-TAD. N-TAD es constitutivamente activo y 
puede funcionar tan pronto como las subunidades HIFα se estabilizan. Sin embargo, el 
domino C-TAD supone un segundo punto de regulación dependiente de la 
disponibilidad de O2, ya que media la interacción con las histonas acetiltransferasas 
p300 y CBP, que funcionan como co-activadores facilitando la apertura de la 
estructura de la cromatina a una conformación más permisiva para la transcripción 
(Arany, 1996; Ema et al., 1999). Esta interacción está controlada por la hidroxilación 
de un residuo de asparragina situado en el C-TAD (en posición 803 para HIF1α y 847 
para HIF2α) que es llevada a cabo por otra dioxigenasa, también dependiente de O2, 
denominada Factor Inhibidor de HIF (FIH) (Hewitson et al., 2002; Lando et al., 2002; 
Mahon et al., 2001). Esta hidroxilación impediría la interacción de C-TAD con p300 y 
CBP. De manera análoga a lo que ocurre con las PHDs, en condiciones de hipoxia la 
actividad asparragina-hidroxilasa de FIH se reduce, lo que conlleva una disminución 
de la hidroxilación de C-TAD que permite la interacción con p300/CBP, promoviéndose 
la activación transcripcional de HIF1α o HIF2α. Es relevante el hecho de que FIH 
presenta una mayor afinidad por el O2 que las PHDs, por lo que para que FIH se inhiba 
completamente es necesario que la hipoxia sea más severa que la que se necesita 
para inhibir las PHDs (Dayan et al., 2006; Koivunen et al., 2007). De hecho existen 
escenarios hipóxicos moderados en los que las enzimas PHDs se encuentran 
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inhibidas pero en los que FIH retiene todavía su actividad, con lo que los factores HIF 
sólo funcionan con el dominio N-TAD. Esto permite a las células responder de forma 
diferencial a los distintos grados de hipoxia y ajustar así su respuesta, activando sólo 
el  N-TAD (en hipoxia moderada) o ambos N-TAD y C-TAD (en hipoxia más severa, 
cuando FIH también se inhibe). También es necesario mencionar que FIH hidroxila 
fundamentalmente HIF1α y sólo de forma muy débil HIF2α. Este hecho se encuadra 
dentro de la descripción anterior de HIF2α como la isoforma que se activa en 
condiciones hipóxicas más moderadas, ya que desde el punto de vista funcional sólo 
requeriría para su activación completa la inhibición de la actividad de las PHDs. Por el 
contrario, la activación completa de la isoforma HIF1α necesita de la inhibición 
simultánea de las PHDs y de FIH.  
Además de la hipoxia, se han descrito alteraciones genéticas en la maquinaria 
de regulación de HIF que pueden provocar su acumulación y activación constitutiva en 
normoxia. Un caso de especial relevancia es el del carcinoma renal de célula clara 
(ccRCC), un tipo de cáncer que supone el 75-80% del total de casos de carcinoma 
renal y aproximadamente el 2% de la totalidad de los tumores en adultos (Ferlay et al., 
2010). Su formación se asocia a la inactivación en ambos alelos de VHL debida a 
mutaciones, deleciones o hipermetilaciones de su promotor en islas CpG. La 
deficiencia en la función de VHL lleva al acúmulo de HIFα independientemente de su 
estado de hidroxilación, dado que no puede ser ubiquitinada y degradada. Otros 
escenarios de acumulación no hipóxica de HIF son aquellos en los que hay una 
disfunción en la actividad de las PHDs que impide la hidroxilación de la subunidad α. 
En concreto se han identificado mutaciones que afectan a subunidades de la enzima 
succinato deshidrogenasa (SDH) en paragangliomas familiares (Hao et al., 2009) y a 
la fumarato hidratasa (FH) en cánceres renales y leiomiomas (Tomlinson et al., 2002). 
Estas mutaciones pueden conducir tanto a la acumulación de succinato y fumarato, 
que compiten con el 2-oxoglutarato en su unión a las PHDs, como a la producción 
intracelular de especies reactivas de O2 (ROS) que pueden inhibir la actividad de las 
PHDs por oxidación del ión Fe2+ en su centro activo (Bell and Chandel, 2007; Guzy et 
al., 2007). Por último, se han descrito mutaciones de HIF2α asociadas a eritrocitosis, 
hipertensión pulmonar o paragangliomas que indican que son variaciones de HIF2 que 
aumentan su actividad (ver más abajo las respuestas comúnmente asociadas a la 

















Figura 2. Mecanismo de estabilización y activación de HIF. En presencia de O2 (parte 
izquierda de la figura) las enzimas PHDs hidroxilan en la subunidad HIFα los residuos de 
prolina (Pro), haciendo que el complejo VHL-ubiquitín ligasa la reconozca y ubiquitinice para su 
degradación por la vía del proteasoma. Además, FIH hidroxila un residuo de asparragina (Asn) 
impidiendo la unión de los co-activadores p300/CBP. En la parte derecha de la figura, la 
actividad de las PHDs y de FIH es inhibida por hipoxia. En normoxia esta actividad también 
puede ser inhibida en ciertos escenarios por determinados metabolitos intracelulares, 
incluyendo el succinato, el fumarato y las especies reactivas de oxígeno ROS. En todos los 
casos esta inhibición de las PHDs resulta en la estabilización de HIFα, su dimerización con la 
subunidad β, translocación al núcleo y activación transcripcional de sus genes dianas por unión 
a las secuencias HRE. Otros factores como Ras, Raf, MAPK, PI3K, PTEN ó Akt pueden llegar 
a causar también la acumulación de HIFα.  
 
Además los factores HIFα se pueden inducir alternativamente por otros 
estímulos no hipóxicos como factores de crecimiento (EGF, FGF2) (Richard et al., 
2000; Shi et al., 2007)  y  hormonas (Insulina, IGF-1, angiotensina II, trombina) (Chen 
et al., 2005; Gorlach et al., 2001; Page et al., 2008; Pagé et al., 2002; Zelzer et al., 
1998). La mayoría de estos estímulos inducen la ruta PI3K (fosfoinosítido-3 quinasa)-
AKT-mTOR que favorece la traducción de HIF1α, así como la cascada de las 
MAPKinasas, promoviendo en última instancia un aumento de la actividad 
transcripcional de HIF. También ciertos factores pro-inflamatorios como LPS, TNF-α e 
IL1β estabilizan HIF1α (Blouin et al., 2004; Jung et al., 2003; Zhou et al., 2003), en 
este caso vía NFKB, que induce la transcripción del ARN mensajero (ARNm) de 
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HIF1α. Se ha sugerido que  esta inducción masiva del mensajero de HIF1α produce 
demasiada proteína para que pueda ser degradada vía PHDs aun en presencia de O2. 
Además algunos de estos estímulos pueden también reducir la expresión de las PHDs 
y por lo tanto disminuir su actividad independientemente de las limitaciones en el 
aporte de O2. 
2.3. Actividad transcripcional de HIF 
El dímero formado por las subunidades α y β reconoce y se une a secuencias 
específicas presentes en los promotores de ciertos genes denominadas elementos de 
respuesta a hipoxia (HREs), que contienen la secuencia conservada G/ACGTG. 
Ambas isoformas, HIF1 y HIF2, regulan la expresión de genes comunes, tales como 
VEGF-A (factor de crecimiento del endotelio vascular A) y LDH-A (lactato 
deshidrogenasa A), así como genes específicos para cada una de ellas, como PGK1 
(fosfoglicerato quinasa 1) en el caso de HIF1α y OCT4 (del inglés Octamer-binding 
protein 4) en el de HIF2α. En la actualidad se tiene conocimiento de más de 200 genes 
cuya transcripción está controlada por los factores HIF. Dos aspectos a destacar entre 
otros de esta respuesta transcripcional dependiente de HIF son, en primer lugar, que 
está destinada a restaurar el suministro de O2 y, por otra parte, que media la 
adaptación de las células a la escasez de O2. En este sentido, los factores HIF regulan, 
entre otros, los siguientes procesos: 
Activación de la eritropoiesis: en respuesta a situaciones de hipoxia 
sistémica el riñón produce eritropoyetina (EPO) vía HIF2, que incrementa el número de 
glóbulos rojos circulantes en sangre. Los factores HIF también inducen en los 
hepatocitos la expresión de la transferrina, principal proteína transportadora del hierro 
en sangre (Rolfs et al., 1997) y de su receptor en diversos tipos celulares. Otro 
aspecto relevante es que, además de regular la síntesis de EPO, HIF2α controla la 
captación de hierro de la dieta induciendo la expresión de su transportador DMT-1 
(divalent metal transporter 1) en los enterocitos (Mastrogiannaki et al., 2009). La 
importancia de HIF2α en esta respuesta coordinada de inducción de EPO, eritrocitosis 
y control del metabolismo del hierro viene apoyada por el hecho de que, (i) tanto 
mutaciones que reducen parcialmente la actividad de VHL (enfermedad de Chuvash) o 
de PHD2 (Albiero et al., 2011), como (ii) mutaciones que producen ganancia de 
función en la isoforma HIF2α, desencadenan eritrocitosis patológica. 
Activación de la angiogénesis: para restablecer el flujo sanguíneo a un foco 














VEGF-A y la de su receptor (Flt-1) (Bergers and Benjamin, 2003; Semenza, 2003b). 
Brevemente, y en relación con la progresión tumoral, células embrionarias ES 
deficientes en HIF1α o HIF2α generan teratomas con una pobre vascularización (con 
baja densidad vascular, vasos de menor diámetro, palidez, zonas avascularizadas y 
bajo flujo sanguíneo) que se asocia a una deficiente perfusión tumoral (Acker et al., 
2005; Carmeliet et al., 1998).  
Reprogramación metabólica: las células en situación de hipoxia 
experimentan un cambio en su metabolismo que pasa de ser aerobio a anaerobio. 
Para ello, HIF1α estimula el flujo glicolítico a través de la inducción de varios genes 
que incluyen los transportadores de glucosa GLUT1 y GLUT3, las hexoquinasas HK1 y 
HK2 y la enzima lactato deshidrogenasa LDH-A (Firth et al., 1994; Majmundar et al., 
2010)(Firth et al., 1994). Para prevenir la acidificación celular durante la glicolisis HIF 
también aumenta la expresión del transportador monocarboxílico 4 (MCT4) y del 
intercambiador de iones Na+/H+-1 (NHE-1) promoviendo, respectivamente, la salida de 
lactato y la de protones (Shimoda et al., 2006; Ullah et al., 2006). Por otro lado, el 
sistema de HIF disminuye la respiración hasta conseguir una reducción en el consumo 
de O2 hasta aproximadamente un 15% de la tasa basal (Sridharan et al., 2008). Esto lo 
hace restringiendo la conversión de piruvato a acetil-CoA a través de la inducción de 
las enzimas piruvato deshidrogenasa quinasas 1,3 y 4 (PDK -1,-3,-4), que a su vez 
inhiben la actividad del complejo piruvato deshidrogenasa (PDH) (Kim et al., 2006a; 
Papandreou et al., 2006). La inhibición de la actividad PDH por lo tanto enlentece el 
ciclo de Krebs y por consiguiente la actividad mitocondrial. Además HIF1α induce la 
expresión de NDUFA4L2, que a su vez inhibe la actividad del complejo I mitocondrial, 
contribuyendo también a la inhibición del consumo de O2 (Tello et al., 2011). HIF 
también disminuye la expresión de la subunidad mitocondrial SDH-B (Dahia et al., 
2005) e inhibe la biogénesis mitocondrial reprimiendo c-Myc (Zhang et al., 2007), lo 
que también contribuye a la disminución en el consumo de O2 en respuesta a la 
hipoxia. Finalmente, los factores HIF también median un cambio en los componentes 
de la citocromo c oxidasa (COX), induciendo COX4-2 y degradando COX4-1 (Fukuda 
et al., 2007), de forma que se aumenta la eficiencia del transporte electrónico.  
Este cambio metabólico se ha sugerido que tiene dos funciones, por un lado 
ahorrar O2 en situaciones de hipoxia y por otro atenuar el transporte de electrones en 
la mitocondria disminuyendo así la generación de ROS que podrían llevar a la muerte 
de la célula. Este segundo aspecto parece de especial trascendencia en los episodios 
de isquemia/reperfusión o en isquemias parciales, los cuales son escenarios donde la 
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formación de ROS procedentes del O2 que llegan al tejido afectado son en última 
instancia los responsables de la muerte de la célula. En este sentido, numerosos 
estudios han demostrado que la activación del sistema HIF in vivo atenúa el daño 
oxidativo tisular en varios escenarios isquémicos como el músculo esquelético, riñón, 
hígado o corazón (Aragonés et al., 2008; Hill et al., 2008; Schneider et al., 2010). En 
cuanto a la participación relativa de cada isoforma de HIFα en este ajuste metabólico, 
es importante destacar que la mayoría de los cambios metabólicos mencionados en 
esta sección son promovidos fundamentalmente por la isoforma HIF1, al menos en 
células cultivadas in vitro. De hecho algunos cambios metabólicos asociados a 
represión de la proliferación (inhibición de la actividad mitocondrial y del ciclo de 
Krebs) están regulados por HIF1α y no por HIF2α en sistemas in vitro. Sin embargo 
hay varias evidencias in vivo del papel de HIF2α en la reprogramación del 
metabolismo celular, aunque regulando sólo alguno de los genes metabólicos que 
puede llegar a regular HIF1α y controlando también rutas metabólicas que no se 
habían identificado en los estudios in vitro. Es por ejemplo el caso del hígado, donde 
HIF2 promueve una reprogramación del metabolismo lipídico induciendo la expresión 
de genes involucrados en el almacenamiento de  lípidos (Rankin et al., 2007). También 
juega un papel relevante en el músculo esquelético, donde HIF2 atenúa el 
metabolismo oxidativo de la glucosa a través de la activación de PDK4 vía PPARα (del 
inglés peroxisome proliferator-activated receptor-α), lo cual confiere tolerancia al daño 
oxidativo en situaciones de isquemia (Aragonés et al., 2008). Además HIF2 puede 
contrarrestar el estrés oxidativo no sólo regulando la actividad mitocondrial sino 
también manteniendo la homeostasis redox celular a través de la inducción de genes 


















Figura 3. Respuestas centrales adaptativas de la hipoxia. La estabilización de los factores 
HIF activa una respuesta transcripcional destinada a: (i) restablecer los niveles de O2 en la 
sangre, aumentando el número de eritrocitos y su capacidad de transporte de O2 (mediante la 
inducción de EPO y de proteínas implicadas en el transporte de hierro, respuesta mediada 
principalmente por HIF2); (ii) restablecer el flujo sanguíneo en los tejidos hipóxicos, 
potenciando la angiogénesis mediante la síntesis de VEGF; y por último, (iii) adaptar el 
metabolismo celular a la ausencia de O2 mediante la inhibición de la actividad mitocondrial 
(HIF1 por un lado favoreciendo la glicolisis y reprimiendo el ciclo de Krebs y HIF2 por otro 
propiciando el almacenamiento de lípidos), el aumento de la eficiencia de transporte electrónico 
(ambos factores HIF favoreciendo la síntesis de COX4-2 y HIF1 induciendo NDFULA4) y, como 
consecuencia, disminuyendo la producción de ROS (que HIF2 también mitiga mediante la 
inducción de enzimas antioxidantes). 
3. FACTORES HIF Y PROLIFERACIÓN AUTÓNOMA DE CÉLULA. 
Debido a su relevancia en esta tesis, merece una mención especial el papel de 
la vía de señalización de HIF en el control de la proliferación autónoma celular. Uno de 
los procesos biológicos fundamentales regulados por la disponibilidad de O2 es la 
división celular. Los estudios en este aspecto han revelado que la hipoxia y la 
activación del sistema de HIF pueden desencadenar efectos opuestos, bien inhibiendo 
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o bien activando la proliferación. La repuesta inhibidora parece lógica en una situación 
hipóxica en la que la célula disminuye su actividad mitocondrial, que es esencial para 
generar metabolitos pro-proliferativos (como el citrato). Sin embargo, los escenarios 
hipóxicos no siempre se asocian a una inhibición de la proliferación, y en cierto tipo de 
células especializadas ésta puede ser inducida. La existencia de estas respuestas 
dispares pro- y anti-proliferativas sugiere la presencia de mecanismos dependientes 
de O2 opuestos, capaces tanto de promover la mitosis como de inhibirla. En este 
sentido diferentes estudios indican que la isoforma HIF1α funciona como un atenuador 
de la proliferación autónoma de célula mientras que HIF2α presenta el efecto 
contrario. A modo de valoración, es posible que en condiciones de hipoxia moderada 
(en las que la actividad HIF2α puede inducirse más fácilmente, como ya se ha 
comentado) la cantidad de O2 sea todavía compatible con efectos pro-proliferativos. 
Por el contrario, en condiciones de hipoxia más severa donde también se induce  
HIF1α, niveles más bajos de O2 pueden apremiar a la célula a atenuar su proliferación.  
3.1. HIF1α 
Numerosos trabajos han descrito una inhibición de la progresión del ciclo 
celular en células sometidas a hipoxia (0,5-1% O2), tanto en células primarias (células 
madre embrionarias y fibroblastos embrionarios murinos) (Carmeliet et al., 1998; 
Gardner et al., 2001; Mack et al., 2005), como en células transformadas (Gordan et al., 
2007; Koshiji et al., 2004). Esta respuesta a hipoxia se asocia a la hipofosforilación de 
la proteína de retinoblastoma Rb y al consiguiente arresto del ciclo celular en la fase 
G1. Haciendo uso de células deficientes en HIF1α se ha podido demostrar que HIF1α 
antagoniza la actividad del proto-oncogén c-Myc (del inglés Cellular Myelocytomatosis 
oncogene), lo que conlleva la inducción génica de ciertos inhibidores de quinasas 
dependientes de ciclina (CDKIs) claves para la transición de fase G1/S, tales como 
p21 y p27. A nivel molecular, HIF1α desplaza a c-Myc de los promotores de los genes 
a los que éste reprime - p21 y p27- (Koshiji et al., 2004, 2005). Existen estudios 
adicionales que indican que la inducción de p27 y el arresto de ciclo de las células en 
hipoxia también puede tener lugar de manera independiente de HIF1α, pero los 
mecanismos de esta respuesta permanecen desconocidos (Green et al., 2001). 
Independientemente de los efectos mediados por c-Myc y en línea con lo mencionado 
en el apartado anterior, los cambios metabólicos asociados a HIF1α también tienen un 
efecto anti-proliferativo, ya que enlentecen el ciclo de Krebs y disminuyen las reservas 
de citrato, que es necesario para la biosíntesis de lípidos requerida para la división 














Los primeros estudios de HIF1α en tumores demostraron que es un elemento 
esencial para la progresión tumoral ya que adapta a la célula a la hipoxia y promueve 
la angiogénesis tumoral. Sin embargo numerosos trabajos posteriores han revelado 
que los efectos anti-proliferativos de HIF1α pueden, en algunos tumores, llegar a ser 
más potentes que esos efectos pro-tumorales y que por lo tanto HIF1α puede 
funcionar como un elemento supresor de tumorogénesis. Este efecto anti-proliferativo 
de HIF1α se pone especialmente de manifiesto en el carcinoma renal de célula clara 
(ccRCC) anteriormente mencionado. En estas células deficientes para VHL, HIF1α y 
HIF2α se acumulan independientemente de su estado de hidroxilación, por lo que esta 
vía de señalización se encuentra constitutivamente activada. Estudios realizados en 
lesiones pre-neoplásicas de riñones de pacientes con deficiencia en VHL han 
demostrado que la activación de HIF1α ocurre en un estadío muy temprano de la 
evolución del tumor (Mandriota et al., 2002; Raval et al., 2005) pero que, 
curiosamente, su expresión disminuye y llega a perderse hasta en un 30% de los 
carcinomas en estadios avanzados, quedando exclusivamente presente la isoforma 
HIF2α (Biswas et al., 2010; Gordan et al., 2008; Maxwell et al., 1999). Estos tumores 
carentes de la isoforma HIF1α presentan mayor tamaño y agresividad, lo que 
claramente sugiere que su pérdida constituye una ventaja para la progresión de estos 
tumores en humanos. Estas evidencias se han visto recientemente reforzadas por la 
constatación de que la pérdida del cromosoma 14q (donde se encuentra el locus de 
HIF1α), es una anomalía genética muy frecuente en los carcinomas renales deficientes 
para VHL y está asociada a la transformación maligna de lesiones preneoplásicas 
(Mandriota et al., 2002) y a un peor pronóstico de estos carcinomas (Alimov et al., 
2004; Kaku et al., 2004; Klatte et al., 2009; Mitsumori et al., 2002). En algunos casos, 
estas deleciones son focales e implican sólo la pérdida de algunos exones del gen, lo 
que da lugar a la expresión de formas aberrantes de la proteína que pierden por 
completo su capacidad para suprimir proliferación y tumorogénesis en los carcinomas 
deficientes para VHL (Shen et al., 2011). Además estudios genéticos han demostrado 
que la restauración de HIF1α en células deficientes en VHL que sólo expresan HIF2α 
disminuye su capacidad proliferativa y tumorogénica (Kondo et al., 2002; Raval et al., 
2005; Shen et al., 2011). Por último, la inhibición de HIF1α en células de carcinoma 
renal deficientes para VHL que expresan las dos isoformas promueve su proliferación 
y favorece la tumorogénesis (Gordan et al., 2008; Shen et al., 2011).  
El papel de HIF1α como supresor tumoral ha sido también documentado en 
otros modelos. En primer lugar destacar que el locus de HIF1α se ha encontrado 
inactivado no sólo en ccRCC sino también en otros tipos tumorales, indicando que 
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HIF1α podría actuar como un supresor de tumores en diferentes contextos 
cancerígenos (Shen et al., 2011). También mencionar que la formación de 
fibrosarcomas utilizando MEFs transformados se reprime tras la inactivación de VHL 
debido a la estabilización de HIF1α (Mack et al., 2005). Por otro lado, la inactivación 
de HIF1α aumenta el crecimiento de astrocitomas murinos en el parénquima cerebral 
(Blouw et al., 2003) y de teratocarcinomas subcutáneos procedentes de células ES 
(Carmeliet et al., 1998), aunque en el caso de los teratocarcinomas existen estudios 
contradictorios a este respecto (Hopfl et al., 2002; Ryan et al., 1998). Todos estos 
estudios indican que los tumores pueden llegar a prescindir de HIF1α y que el papel 
de HIF1α como inhibidor de la proliferación tiene un impacto en la progresión de los 
modelos tumorales descritos anteriormente. Es importante destacar de nuevo que la 
inactivación de HIF1α sólo ocurre en algunos tumores, ya que este factor 
transcripcional también presenta aspectos que favorecen la progresión del tumor, tales 
como la angiogénesis, que, según el tipo de tumor o de su localización pueden ser 
necesarios para su desarrollo (Blouw et al., 2003). Por lo tanto aunque inicialmente se 
presentó a HIF1α como un elemento esencial para la progresión tumoral, en ciertos 
contextos tumorales HIF1α es un freno para el crecimiento del tumor, por lo que, tras 
su inactivación, los tumores progresan más agresivamente.   
3.2. HIF2α 
Numerosas evidencias sugieren que HIF2α, al contrario que HIF1α, promueve 
el crecimiento tumoral en los carcinomas renales deficientes para VHL (Kondo et al., 
2003; Maranchie et al., 2002; Raval et al., 2005).  De hecho, estos carcinomas siempre 
conservan la isoforma HIF2α, y su expresión es obligada para la progresión de estos 
tumores, al contrario de lo que ocurre con HIF1α, que puede llegar a inactivarse 
(Gordan et al., 2008; Maxwell et al., 1999). En este sentido, las lesiones 
preneoplásicas incipientes en riñones de pacientes con carcinoma renal deficiente en 
VHL, ganan necesariamente la expresión de HIF2α y ésta correlaciona con mayores 
evidencias histológicas de malignidad (Mandriota et al., 2002). Numerosos trabajos 
han confirmado además que la sola sobreexpresión de una forma estable y 
transcripcionalmente activa de HIF2α (pero no de HIF1α) en líneas celulares de 
carcinoma renal con la expresión de VHL restaurada, es capaz de recuperar su 
capacidad para formar tumores en modelos animales (Kondo et al., 2002, 2003; 
Maranchie et al., 2002). En este mismo sentido, la inhibición de HIF2α es suficiente 
para suprimir la generación de tumores por células de carcinoma defectivas para VHL 














además destacar que un estudio reciente ha relacionado el riesgo de carcinoma renal 
con ciertos polimorfismos de HIF2α (Purdue et al., 2011). Este efecto pro-tumoral de 
HIF2α es principalmente producto de una inducción de la proliferación autónoma de 
célula (Franovic et al., 2009). Es además importante reseñar que dicho efecto 
promotor de la proliferación en células deficientes en VHL no siempre se pone de 
manifiesto en condiciones in vitro, cuando las células son cultivadas en las condiciones 
estándar de nutrientes y factores de crecimiento, sino que se observa cuando las 
células se inyectan in vivo para formar tumores y por tanto quedan expuestas al 
microambiente tumoral con deficiencia parcial en elementos nutricionales claves para 
la célula (ver más adelante el apartado de Discusión). El efecto pro-proliferativo y pro-
tumoral de HIF2α se ha puesto de manifiesto también en otros contextos 
cancerígenos. Así, teratomas subcutáneos generados en ratón a partir de células ES 
con dos veces mayor expresión de HIF2α (células “knock in” del cDNA de HIF2α en el 
locus de HIF1α), mostraron un tamaño 4 veces superior al de los teratomas wild type, 
efecto principalmente debido a una proliferación exacerbada (Covello et al., 2005). 
También se ha demostrado que la inhibición de HIF2α reduce el crecimiento de 
neuroblastomas en ratones atímicos, y que la expresión de HIF2α correlaciona con 
estadios clínicos avanzados de estos tumores y de peor pronóstico (Holmquist-
Mengelbier et al., 2006). Y la misma implicación parece que tiene lugar en la 
patogénesis y prognosis del cáncer de pulmón de células no pequeñas, donde algunos 
estudios han demostrado que la frecuente sobreexpresión de los niveles proteicos de 
HIF2α, al contrario que la de HIF1α, también correlaciona con una menor 
supervivencia (Kim et al., 2009). 
En relación a este papel pro-proliferativo de HIF2α debe mencionarse que su 
papel no se centra exclusivamente en escenarios tumorales. Este efecto pro-
proliferativo parece también relevante en la fisiología del pulmón, y en concreto en el 
desarrollo de la hipertensión arterial pulmonar asociada a exposiciones crónicas a 
hipoxia. La hipertensión arterial pulmonar se produce por un incremento en la 
resistencia al paso de la sangre debida a una remodelación vascular en el pulmón: la 
proliferación de las células SMC pulmonares (del inglés Smooth Muscle Cells, células 
de músculo liso) conduce a la muscularización de los vasos pulmonares, lo que 
provoca vasoconstricción. Este fenómeno ocurre tras exposiciones prolongadas a 
hipoxia (Stenmark et al., 2006) pero también en ciertas patologías como la policitemia 
de Chuvash, que también activa HIF2α en el tejido pulmonar (Bushuev et al., 2006; 
Smith et al., 2008). En un modelo murino que mimetiza esta patología se ha 
demostrado que la deficiencia en heterocigosis de HIF2α protege a estos ratones de 
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dicha hipertensión así como del incremento en el número de vasos pulmonares 
muscularizados por hiperproliferación de las células SMC  (Hickey et al., 2010).  
4. mTORC1. 
Las células eucariotas y procariotas han desarrollado mecanismos sensores 
para detectar la disponibilidad de nutrientes en el ambiente intra y extracelular, y en 
función de ésta coordinar de forma adecuada procesos celulares clave tales como el 
crecimiento y división celular, la expresión génica y la mayoría de los programas de 
biosíntesis de macromoléculas. En eucariotas, desde levadura hasta mamíferos, dicho 
punto de control central es la serina/treonina quinasa TOR (del inglés Target of 
Rapamycin) (Zoncu et al., 2011). En mamíferos, en concreto, esta quinasa 
(denominada mTOR, del inglés mammalian TOR) integra múltiples vías de 
señalización reguladas por el estatus energético celular, los factores de crecimiento, el 
nivel de aminoácidos o la tensión de O2. De esta forma promueve el crecimiento 
celular cuando las condiciones ambientales son favorables o bien suprime 
rápidamente la biosíntesis y potencia el reciclaje de proteínas y orgánulos cuando hay 
escasez de nutrientes, energía o una situación de estrés, proveyendo de este modo a 
la célula de una fuente interna de metabolitos y reduciendo o parando la tasa de 
proliferación para evitar un desbalance energético y la muerte celular. 
4.1. Descripción molecular. 
mTOR pertenece a la familia de las quinasas relacionadas con la fosfoinosítido-
3-quinasa (PIKKs), con un dominio quinasa C-terminal similar a la PI3K. También 
posee dos dominios FRAP-ATMTTRAP (FAT) de función poco conocida y un dominio 
FRB (FKBP12-rapamycin-binding). Este último dominio media la inhibición por 
rapamicina, uno de los represores de mTORC1. Además posee numerosos dominios 
de repetición HEAT en la mitad N terminal que median sus interacciones con el resto 
de componentes del complejo.  
mTOR es la subunidad catalítica de dos complejos diferentes denominados 
complejo 1 (mTORC1) y 2 (mTORC2). mTORC1 es un homodímero formado por 
cuatro proteínas accesorias que se unen a mTOR: Raptor (Regulatory-Associated 
Protein of mTOR), mLST8 (mammalian Lethal with Sec13 protein 8), PRAS40 (Proline-
Rich AKT Substrate 40 kDa) y Deptor (DEP-domain-containing mTOR-interacting 














recluta ciertos sustratos y parece que juega un papel esencial en su localización 
subcelular y en su capacidad para responder a las fluctuaciones en el aporte de 
aminoácidos (Sancak et al., 2008).  El papel de mLST8 es desconocido, ya que su 
deleción no tiene efecto sobre la actividad de mTORC1 (Guertin et al., 2006). PRAS40 
y Deptor son tanto componentes como sustratos de mTORC1 y en el estado 
defosfoforilado parece que reprimen la actividad de mTORC1. Cuando mTORC1 está 
activado, la subunidad mTOR fosforila a ambos, lo cual debilita su asociación con 
mTORC1 y promueve la actividad quinasa del complejo. Una característica a resaltar 
del complejo mTORC1 es su sensibilidad a la inhibición por el antibiótico natural e 
inmunosupresor rapamicina. Tras entrar en la célula, la rapamicina interacciona con 
alta afinidad con la proteína de unión a la inmunofilina FKBP12. El complejo droga-
receptor resultante se une entonces al dominio FRB presente en la subunidad mTOR, 
impidiendo su unión a Raptor y limitando su acceso únicamente a ciertos sustratos.  
 
Figura 5. A) Dominios estructurales de mTOR. El extremo amino-terminal de mTOR contiene 
repeticiones HEAT en tandem que son dominios de interacción proteica, mientras que en en la 
mitad carboxi-terminal contiene un dominio FAT, seguido del dominio FRB, el dominio quinasa 
y por último otro dominio FAT C-terminal (FATC). La rapamicina se une a la inmunofilina  
FKBP12 para generar un potente y específico inhibidor de mTORC1 a través de la unión 
directa al dominio FRB de la subunidad mTOR.  B) Estructura del complejo mTORC1. El 




El complejo mTORC2 es también un multímero y, entre todos sus 
componentes, se define por la interacción de mTOR con la subunidad Rictor, esencial 
para su actividad catalítica y mutuamente excluyente con Raptor en su unión a mTOR. 
Tanto los estímulos que regulan su actividad como sus dianas de actuación son 
mucho menos conocidos que los de mTORC1, aunque se sabe que regula la 
fosforilación de AKT/PKB, PKCα y Rho/Rac para controlar la polaridad celular y el 
citoesqueleto de actina.  
4.2. Regulación de mTORC1.  
La regulación de mTORC1 está sometida a un estrecho control. Integra 
fundamentalmente cuatro grandes señales (factores de crecimiento, estatus 
energético, O2 y aminoácidos) para regular numerosos procesos implicados en la 
promoción del crecimiento y la proliferación celular. Uno de los sensores más 
importantes que controlan la actividad de mTORC1 es el complejo TSC1/2 (Tuberous 
Sclerosis Complex) el cual es un represor de la actividad de mTORC1. TSC1/2 actúa 
como una proteína activadora de GTPasa (GAP) de una proteína G pequeña, Rheb 
(Ras homolog enriched in brain) (Avruch et al., 2009). La forma activa de Rheb, con 
GTP unido, interacciona directamente con mTORC1 para estimular su actividad. Con 
su actividad GAP, TSC1/2 regula negativamente mTORC1 convirtiendo Rheb a su 
forma inactiva con GDP. Consistente con este papel, mutaciones inactivantes o la 
inactivación del complejo TSC1/2 dan lugar al síndrome denominado esclerosis 
tuberosa, caracterizado por la aparición de hamartomas en múltiples órganos (Crino et 
al., 2006). Estos pacientes además exhiben una alta predisposición al desarrollo de 
RCC, aunque no se han encontrado mutaciones en TSC1 ó TSC2 en ccRCC 
esporádicos (Parry et al., 2001).  
Factores de crecimiento 
Los factores de crecimiento y hormonas relacionadas estimulan mTORC1 a 
través de la activación de las vías clásicas PI3K-AKT y Ras-ERK (quinasa reguladora 
de señales extracelulares) (Shaw and Cantley, 2006), que inducen la fosforilación de 
TSC2 por Akt, ERK1/2 y RSK1 (quinasa ribosomal S6-1) en varios residuos. Dichas 
fosforilaciones inactivan al complejo TSC1/2 y consecuentemente promueven la 
activación de mTORC1. Además la activación de Akt puede activar mTORC1 de forma 















Estatus energético celular 
Los niveles de ATP intracelulares son señalizados a mTORC1 a través de la 
AMPK (del inglés AMP-activated protein kinase), que es el principal sensor del estatus 
energético de la célula. En respuesta a una depleción energética (ratio ATP:ADP bajo), 
AMPK se activa y fosforila TSC2 en el residuo Ser1345, potenciando la actividad 
TSC1/2 y reduciendo por tanto la actividad de mTORC1 (Inoki et al., 2003). AMPK 
también puede inhibir directamente a mTORC1 en respuesta a la depleción de energía 
a través de la fosforilación de Raptor en dos residuos de serina bien conservados 
(Gwinn et al., 2008).  
Niveles de O2 
Destacar que la hipoxia puede inhibir mTORC1 utilizando vías de señalización 
dependientes de HIF1α o totalmente independientes de HIF. En condiciones de 
hipoxia, de manera independiente de HIF, tiene lugar una activación de AMPK que 
desencadena una inhibición de la actividad de mTORC1. La hipoxia además puede 
activar al complejo TSC1/2 a través de la inducción transcripcional de la proteína 
Redd1 (Protein Regulated in Development and DNA Damage Response 1, también 
conocida como DDIT4) vía HIF1α. Redd1 regula negativamente mTORC1 mediante la 
liberación de TSC2 de su interacción inhibitoria con las proteínas 14-3-3, unión 
activada en respuesta a factores de crecimiento. Además se ha descrito que tanto el 
supresor tumoral promielocítico PML como la proteína inducible por HIF1α bNIP3 
(BCL2/adenovirus E1B 19 kDa interacting protein 3), reducen la actividad de mTORC1 
en situaciones de hipoxia mediante la disrupción de la interacción entre mTORC1 y 
Rheb. Paradójicamente, mTORC1 parece estar ampliamente activado en ccRCC 
deficientes en VHL, que presentan una activación constitutiva del sistema HIF. De 
hecho los inhibidores de mTORC1 son efectivos en el tratamiento de pacientes con 
carcinoma renal deficiente en VHL. Encontrar una explicación a la paradoja que 
supone la coexistencia de estos dos hechos aparentemente incompatibles, la 
inducción de HIF en tumores VHL deficientes y la activación de la ruta de mTORC1, es 
en sí mismo el origen de los estudios de esta tesis doctoral.  
Aminoácidos 
Por último, los aminoácidos representan una potente señal reguladora de la 
actividad de mTORC1. Una disminución en la entrada de aminoácidos depriva a la 
célula no sólo de sustratos para la síntesis de proteínas, sino también de 
intermediarios para alimentar el ciclo de los ácidos tricarboxílicos y otros procesos 
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metabólicos. Además una reducción en el aporte de aminoácidos inhibe la actividad de 
mTORC1 en proporciones variables, habiéndose encontrado que la retirada de 
leucina, arginina o glutamina mimetiza casi por completo la deprivación total de 
aminoácidos (Hara et al., 1998; Nicklin et al., 2009). La activación de mTORC1 por 
aminoácidos es independiente del complejo TSC1/2, ya que en células que carecen de 
TSC1/2 y presentan por tanto una activación constitutiva de mTORC1, su actividad 
sigue siendo completamente inhibible cuando el aporte de aminoácidos se reduce. La 
regulación de mTORC1 por aminoácidos se lleva a cabo a través de las proteínas Rag 
GTPasas (Ras-related GTP-binding protein), que se encuentran formando 
heterodímeros de RagA ó B con RagC ó D, en los que cada miembro del dímero tiene 
una carga de nucleótido opuesta. En ausencia de aminoácidos, RagA (ó RagB) se 
encuentran cargadas con GDP, mientras RagC (ó RagD) contienen GTP, siendo ésta 
la conformación inactiva del dímero. La presencia de aminoácidos causa el cambio de 
carga y pasa a un estado activo que le permite al dímero interaccionar de forma 
directa con Raptor, promoviendo la relocalización del complejo mTORC1 desde el 
citoplasma a la región perinuclear de endosomas tardíos y lisosomas que es donde se 
encuentra el activador Rheb. La disociación física entre mTORC1 y Rheb explica por 
qué en ausencia de aminoácidos, activadores de Rheb como los factores de 
crecimiento no pueden estimular mTORC1. Las proteínas Rag se anclan a las 
membranas lisosomales a través de una serie de proteínas adaptadoras (p14, MP1 y 















Figura 6. Regulación de mTORC1. mTORC1 integra las señales generadas por la 
disponibilidad de aminoácidos, la presencia de factores de crecimiento, el estatus 
energético celular (a través de la enzima AMPK) y la hipoxia. El primer punto de 
integración ocurre a nivel del complejo TSC1/2, que resulta inhibido por la fosforilación 
desencadenada por la señalización de los factores de crecimiento. Su fosforilación por 
AMPK y el secuestro de las proteínas 14-3-3 promovido por Redd1, proteína a su vez 
inducida por el factor HIF, conducen a la activación de TSC1/2. Este complejo inactiva a 
la proteína Rheb, necesaria a su vez para la activación de mTORC1. El segundo nivel de 
integración ocurre en respuesta a la disponibilidad de aminoácidos. En su presencia, las 
proteínas Rag GTPasas activas reclutan a mTORC1 a la superficie de los lisosomas, 
permitiendo que interaccione con su activador Rheb. Las flechas verdes indican 
activación y las rojas inhibición, en cada caso, de la proteína a la que apuntan.   
4.3. Acciones de mTORC1. 
Una de las principales funciones de mTORC1 es el control de la síntesis de 
proteínas en la célula. Este es un proceso energéticamente muy costoso que requiere 
grandes cantidades de ATP y GTP y la producción de un alto número de ribosomas. 
mTORC1 regula la actividad de la maquinaria celular de traducción de forma global y 
además controla específicamente la traducción de un grupo de ARN mensajeros 
(ARNm) que promueven crecimiento y proliferación celular. Estas funciones las lleva a 
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cabo principalmente a través de la fosforilación de sus dos sustratos mejor 
caracterizados: la quinasa S6K1 y la proteína de unión al factor 4E de iniciación de la 
traducción eucariota eIF4E (4EBP1). En respuesta a su fosforilación mediada por 
mTORC1, la proteína S6K1 actúa como un regulador positivo de la iniciación y 
elongación de la traducción a través de la fosforilación de múltiples sustratos, 
incluyendo a un componente de la subunidad ribosómica 40S, la proteína rpS6, 
además de otras tales como eEF2K, SKAR, CBP80 and eIF4B. Por otra parte, 4EBP1, 
en su estado defosforilado, impide con su unión a eIF4E la formación del complejo de 
iniciación de la traducción dependiente de cap, eIF4F. En cambio la fosforilación de 
4EBP1 por el complejo mTORC1 activo permite su disociación de eIF4E y el 
ensamblaje del complejo eIF4F, que permite la traducción de la mayoría de ARNm, 
como los m7G cap-ARNm (con un grupo metilo marcando la guanosina del extremo 5´) 
o los denominados 5´ TOP ARNm (con un tramo de pirimidinas en sus extremos 5´ 
UTR), que suelen codificar para componentes de la maquinaria de traducción. 
Cuando mTORC1 está activo se induce la traducción proteica y la síntesis 
ribosómica, pero al inhibirse desencadena procesos de autofagia. La autofagia es la 
auto-degradación de los componentes celulares, desde proteínas individuales hasta 
orgánulos completos, con el objetivo de reciclar componentes celulares dañados, 
redundantes o incluso peligrosos. Supone además una importante fuente de sustratos 
para proveer a la célula de energía en periodos de escasez de nutrientes 
extracelulares. En dichas situaciones de escasez, así como en presencia de algún 
estrés, mTORC1 se encuentra en conformación inactiva, lo cual promueve 
fuertemente la autofagia. Por el contrario, en presencia de nutrientes o factores de 
crecimiento, mTORC1 reprime activamente la autofagia (Noda and Ohsumi, 1998) a 
través de la fosforilación e inhibición de las proteínas Atg13, ULK1 y ULK2, críticas en 
la formación del autofagosoma.  
Por último, como sensor de nutrientes y factores de crecimiento que es 
mTORC1, dentro de sus funciones se incluye también el control de numerosas rutas 
metabólicas. Se ha descrito que mTORC1 se activa cuando el aporte de nutrientes es 
adecuado y se inhibe en periodos de ayuno. En este contexto, fundamentalmente 
estudiado en el hígado, se ha descrito su papel activador sobre el factor de 
transcripción SREBP-1 (del inglés sterol regulatory element binding protein 1) 
(Porstmann et al., 2008) y de PPARγ (Kim and Chen, 2004), dos factores de 
transcripción que controlan la expresión de genes codificantes para proteínas 














metabolismo y la biogénesis mitocondrial a través del control de la actividad 
transcripcional de PGC1α (PPARγ coactivator 1) (Cunningham et al., 2007). 
5.  TRANSPORTADORES DE AMINOÁCIDOS.  
Los aminoácidos son fundamentales no sólo por su papel en la síntesis de 
proteínas, sino que también funcionan como precursores de numerosos metabolitos y 
moléculas de señalización. En función de su modo de obtención por parte de la célula 
se clasifican en aminoácidos esenciales (aquellos que han de ser ingeridos en la dieta 
debido a que la célula no puede sintetizarlos; en humanos Valina (V), Leucina (L), 
Treonina (T), Lisina (K), Triptófano (W), Histidina (H), Fenilalanina (F), Isoleucina (I), 
Arginina (R), Metionina (M)); y los no esenciales (que pueden ser sintetizados por la 
célula; en humanos Alanina (A), Prolina (P), Glicina (G), Serina (S), Cisteína (C), 
Asparagina (N), Glutamina (Q), Tirosina (Y), Ácido aspártico (D) y Ácido glutámico 
(E)). Los aminoácidos atraviesan las membranas celulares mediante proteínas 
transportadoras que resultan esenciales no sólo para su absorción en la dieta sino 
también para mediar su transporte inter e intracelular. En mamíferos, estos 
transportadores están agrupados en 11 familias denominadas genéricamente SLC (del 
inglés, solute carrier), que a su vez están subclasificadas atendiendo a criterios 
funcionales tales como la preferencia de sustrato y la dependencia del ión Na+ (Bröer 
and Palacín, 2011; McCracken and Edinger, 2013).  Por su relevancia para este 
trabajo nos centraremos en describir el sistema principal de transportadores que 
controla la activación de mTORC1 por aminoácidos esenciales. Este transportador es 
un heterodímero formado por una subunidad pesada, SLC3A2, crítica para que el 
transportador se exprese en la superficie celular (Torrents et al., 1998) y una cadena 
ligera, SLC7A5, que cataliza la función de transporte (Reig et al., 2002). Las dos 
subunidades están unidas por un puente disulfuro conservado (Verrey et al., 2004). La 
proteína SLC7A5 presenta 12 dominios transmembrana (Gasol et al., 2004) y un 
elemento estructural característico consistente en 5 hélices transmembrana en la 
mitad N-terminal de la proteína que se repiten con simetría pseudo-duplicada en la 
mitad C-terminal (Figura 7).  
Este transportador se clasifica dentro del sistema L, que agrupa a aquellos que 
transportan, de forma independiente de Na+, aminoácidos grandes neutros tales como 
la leucina, y en concreto SLC7A5 intercambia aminoácidos neutros aromáticos o 
ramificados. Dentro de esta categoría están incluidos la mayor parte de los 
aminoácidos esenciales en humanos, tales como la fenilalanina (F), leucina (L), 
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isoleucina (I), valina (V), triptófano (W), histidina (H), tirosina (Y) y metionina (M), por 
los cuales tiene alta afinidad (Km= 50 µM) y otros no esenciales como la glutamina (Q) 
y la asparragina (N) por los que presenta baja afinidad (Km= 2mM) (Yanagida et al., 
2001). El dímero SLC7A5/SLC3A2 funciona como un intercambiador de 
estequiometria 1:1, con un rango de especificidad similar para los aminoácidos 
importados y exportados pero una gran asimetría en la afinidad por éstos a ambos 
lados de la membrana plasmática (ver más adelante) (Meier et al., 2002). A pesar de 
la incapacidad de SLC7A5 para el importe neto de aminoácidos su sobreexpresión en 
células proliferantes provoca un incremento neto en la entrada de aminoácidos 
esenciales, que, como se ha mencionado anteriormente, son potentes activadores de 
mTORC1, por lo que colabora en el sostén del acelerado metabolismo tumoral y 
potencia su crecimiento y supervivencia. Dicha sobreexpresión de SLC7A5 se ha 
descrito en un amplio espectro de cánceres humanos primarios, tales como cáncer de 
colon, pulmón, cerebro, hígado, piel, próstata, estómago y laringe, así como en 
metástasis (Fuchs and Bode, 2005; Kaira et al., 2008). La inhibición de este 
transportador, bien mediante el uso del inhibidor competitivo BCH (ácido 2-
aminobiciclo-(2, 2,1)-heptanocarboxílico) (Fan et al., 2010; Kaji et al., 2010), o bien 
mediante el silenciamiento de su expresión con el uso de ARN de interferencia o 
anticuerpos bloqueantes (Fan et al., 2010; Ohkawa et al., 2011) o a través de la 
sobreexpresión del miR-145 (Lee et al., 2012), disminuyen la proliferación celular, la 
formación de colonias y tumores e incluso la migración de las células tumorales. 
También se ha descrito un papel importante de SLC7A5 en la activación antigénica de 
linfocitos T, en los que media la entrada de los aminoácidos necesarios para su 
expansión clonal y su diferenciación a células efectoras (Sinclair et al., 2013). 
Además de la cadena ligera SLC3A2, SLC7A5 requiere para su funcionamiento 
trabajar en coordinación con otro transportador de aminoácidos denominado SLC1A5, 
cuya expresión también se encuentra elevada en numerosos tumores humanos (Fuchs 
and Bode, 2005). SLC1A5, también denominado ASCT2, pertenece al sistema de 
transportadores neutros ASC, y transporta preferencialmente alanina (A), serina (S), 
cisteína (C), treonina (T) y glutamina (Q), este último con alta afinidad (Km~20 µM) 
(Bröer et al., 1999). ASCT2 en humanos media el intercambio electroneutro de 
aminoácidos neutros e iones Na+ (Bröer et al., 2000). Debido a las diferencias de 
afinidad intra y extracelular que el transportador SLC3A2/SLC7A5 muestra hacia sus 
sustratos, la velocidad de intercambio está controlada por la concentración 
aminoacídica intracelular, por lo que su actividad se regula en función del flujo de 














(Meier et al., 2002). ASCT2 media la entrada neta de glutamina, de forma que SLC7A5 
la emplea como sustrato de intercambio para la entrada de los aminoácidos esenciales 
(Nicklin et al., 2009; Yanagida et al., 2001). Parece que la entrada de glutamina es el 
paso limitante para la regulación de mTORC1 dependiente de los aminoácidos y 
factores de crecimiento. Tras su entrada en la célula, el flujo de L-glutamina ocurre a 
los 1-2 minutos de la adición de los aminoácidos esenciales, llevando a la entrada 
simultánea de leucina y a la rápida activación de mTORC1 (Nicklin et al., 2009). De 
este modo, parece que SLC7A5 emplea el sustrato de ASCT2 para ajustar la 
concentración de los aminoácidos esenciales de acuerdo a las demandas metabólicas 
y para la señalización correspondiente a mTORC1.  
 
Figura 7. A) Estructura del transportador de aminoácidos SLC7A5. Presenta 12 dominios 
transmembrana con un motivo característico pseudo-simétrico que se repite invertido, indicado en 
naranja y en verde. El sitio de unión de sustrato, indicado con el triángulo rojo, se encuentra 
delimitado entre las hélices 1 y 6, cuya parte central se encuentra desenrollada. El símbolo + 
indica la posición del puente disulfuro entre SLC7A5 y la subunidad pesada SLC3A2. Figura 
adaptada de Bröer and Palacín, 2011. B) Esquema del funcionamiento coordinado de SLC7A5 y 
ASCT2. La entrada al interior celular de glutamina a través del transportador ASCT2 lleva a su 
rápido intercambio con aminoácidos esenciales mediado por el transportador SLC7A5, que se 
encuentra en la membrana formando un dímero con la proteína SLC3A2 (representada en 





























El objetivo principal de este trabajo de tesis es dar respuesta a la paradoja 
planteada hasta el momento en la literatura científica a cerca de la coexistencia de dos 
procesos aparentemente incompatibles: por un lado el papel atribuido a la hipoxia 
como estímulo inhibidor del principal complejo regulador de la síntesis proteica, 
mTORC1, y por otro el papel demostrado del factor HIF2α, mediador de numerosas 
acciones de la hipoxia, como promotor de la proliferación en ciertos escenarios 
tumorales.  
Con esta finalidad se plantearon los siguientes objetivos específicos: 
 
1. Evaluación del papel de la isoforma HIF2α sobre la actividad del complejo 
mTORC1 en carcinoma renal. 
 
2. Caracterización del mecanismo molecular implicado en la regulación de mTORC1 
vía HIF2α. Identificación de los genes dependientes de HIF2α involucrados y 
caracterización de los mecanismos transcripcionales implicados.  
 
3. Evaluación de la relevancia biológica de la ruta descrita en distintos contextos 
fisiopatológicos: proliferación de células de carcinoma renal de célula clara in vitro 
y formación de tumores en modelos animales preclínicos. Evaluación de la 
existencia de estos mecanismos dependientes de HIF2α en muestras humanas de 
carcinoma renal.  
 
4. Evaluación de la regulación de mTORC1 vía HIF2α en escenarios in vivo no 
tumorales en los que HIF2α es relevante para sus funciones biológicas, tales como 
el pulmón o el hígado.  
 
5. Identificación de escenarios hipóxicos in vivo que desencadenen la activación de 
mTORC1. 
 



































MATERIALES Y MÉTODOS 
1. Líneas celulares y reactivos. 
Se utilizó la línea celular derivada de adenocarcinoma renal humano de célula 
clara 786-O, deficiente en la expresión de VHL, así como esta misma línea 
transfectada de forma estable con los vectores retrovirales pRV-VHL y pRV vacío, 
para generar, respectivamente, las líneas 786-O-VHL (que expresa de forma estable el 
gen VHL codificante para una proteína funcional) y 786-O-pRV (células 786-O control) 
(Kondo et al., 2003). 
También se utilizó la línea celular WT8, generada a partir de células 786-O en 
las que se ha restablecido la expresión de VHL de forma estable (vector pRc/CMV-HA-
VHL). Estas células WT8 fueron amablemente cedidas por el Dr.Willian Kaelin 
(Instituto Dana-Farber, Boston, MA). A partir de este tipo celular se generaron en 
nuestro laboratorio mediante transducción retroviral una serie de transfectantes 
estables: las células WT8 HIF2α (P-A)2, que expresan la construcción HIF2α 
P405A;P531A, una forma estable de HIF2α, carente de los residuos de prolina 
susceptibles de hidroxilación por las PHDs y  (P405 y P531) que por tanto no puede 
ser degradada, siendo constitutivamente activa con independencia de la concentración 
de oxígeno (Kondo et al., 2003); las células WT8 HIF2α (P-A)2bHLH*, infectadas con 
un vector que codifica para el gen HIF2α 405A;P531A;bHLH*, una versión de la forma 
estable HIF2α (P-A)2 que contiene además la sustitución de cinco aminoácidos en el 
dominio basic helix-loop-helix (bHLH) que resulta en la pérdida de su actividad 
transcripcional (Kondo et al., 2003; Kondo et al., 2002); las células WT8 HIF1α (P-A)2, 
que expresan la construcción HIF1α P402A;P564A, una forma constitutivamente activa 
de HIF1α, por carecer igualmente de sus residuos críticos de prolina (Yan et al., 2007); 
y como control de todas ellas, las células WT8 control infectadas con el vector 
retroviral vacío pBabe. 
A partir de la línea 786-O se generaron también, mediante infección lentiviral, 
los transfectantes estables 786-O-shSLC7A5 y su correspondiente control 786-O-
shSCR.  
Todas estos tipos celulares se cultivaron en medio RPMI 1640 con 
GLUTAMAX-I (GIBCO) suplementado con 100 unidades/ml de penicilina, 100 µg/ml de 
estreptomicina y un 10% de suero fetal bovino (FBS, Cultek). Las células 
empaquetadoras utilizadas para la transducción (HEK293-T) se cultivaron en medio 













DMEM complementado igualmente con 100 unidades/ml de penicilina, 100 µg/ml de 
estreptomicina y un 10% de FBS. Para preparar los medios con bajo contenido en 
aminoácidos se diluyó en las proporciones adecuadas medio RMPI comercial con el 
correspondiente volumen de RPMI libre de aminoácidos. Los medios con contenido 
reducido de aminoácidos esenciales y glutamina se prepararon añadiendo los 
correspondientes volúmenes de aminoácidos esenciales y no esenciales al medio 
RPMI libre de aminoácidos. Todos los medios deprivados de aminoácidos se 
suplementaron con un 10% de FBS dializado (Sigma-Aldrich). 
Las condiciones de mantenimiento de los cultivos celulares fueron en una 
atmósfera al 5% de CO2 saturada de vapor de agua y  a una temperatura de 37ºC. 
 Los anticuerpos usados en este trabajo incluyen anticuerpos policlonales 
generados en conejo frente a fosfo-4EBP1 (residuos Thr37/46), fosfo-4EBP1 (residuo 
Ser 65), 4EBP1, fosfo-rpS6 (residuos Ser235/236), rpS6, fosfo-p70-S6K  (residuos 
Thr389) y p70-S6K , todos ellos suministrados por Cell Signaling y usados en 
concentración 1:1000; anti- HIF2α (1:2000) (Abcam, ab199), anti- HIF1α murino 
(1:1000) (Cayman, 10006421) y anti-SLC7A5 (Abcam, ab85226). También se 
emplearon anticuerpos monoclonales anti- HIF1α humano (1:1000) (BD Transduction 
Laboratories, 610959), anti-tubulina (1:2000) (Sigma, T6199) y el anticuerpo policlonal 
generado en cabra frente a actina (1:1000) (Santa Cruz, I-19, sc-1616). Para la 
detección de los anticuerpos primarios se utilizó, según el caso, un anticuerpo anti-
conejo (1:3000) (GE Healthcare, NA934V), anti-ratón (1:5000) (Pierce, 32430) o anti-
cabra (1:15.000) (Novus Biologicals, NB710-H), todos ellos acoplados a HRP 
(Horseradish peroxidase). 
Los anticuerpos empleados para analizar las muestras clínicas biopsiadas de 
pacientes fueron anticuerpos policlonales generados en conejo frente a SLC7A5 
(1:1000) (Cell Signaling, 5347), CAIX (Abcam, ab15086) y Erk2  (1:1000) (c-14, Santa 
Cruz, sc-154). 
Los anticuerpos utilizados para las tinciones inmunohistoquímicas fueron 
anticuerpos policlonales generados en conejo frente a SLC7A5 (1.400) (Sigma-Aldrich, 
SAB1500586) y frente a fosfo-rpS6 (residuos Ser235/236) (1:300) (Cell Signaling). La  





2. Transducción celular mediante infección viral. 
La expresión estable de VHL y las formas mutadas de HIF2α y HIF1α se realizó 
mediante transducción retroviral. Para ello se transfectaron en placas p60 células 
HEK293-T con 4 ug de cada vector retroviral y 4 ug del pCL-Ampho Retrovirus 
Packaging Vector (Imgenex),  usando Lipofectamine 2000 (Invitrogen) de acuerdo a 
las instrucciones del fabricante. Pasadas 48 horas de la transfección se recogió el 
sobrenadante celular conteniendo el virus, se filtró con filtros de 0,22 µm, se diluyó 1:2 
con medio fresco y se le añadió polibreno a una concentración final de 6 µg/ml. Este 
medio con retrovirus se añadió a las células 786-O y WT8 plaqueadas inicialmente a 
una confluencia del 20%. El proceso se repitió nuevamente los dos siguientes días, 
transcurridos los cuales se seleccionaron las células infectadas añadiendo en el medio 
de cultivo neomicina (para los vectores pRV) o puromicina (para los vectores pBabe) a 
una concentración final en ambos casos de 1 µg/ml. 
Para inhibir de forma estable la expresión de SLC7A5 se cultivaron durante 24 
horas las células 786-O con las partículas lentivirales comerciales (Santa Cruz 
Biotechnology) de small hairpin (shARN) frente a  SLC7A5 (sc-62555-V) y su 
correspondiente control shSCR (sc-108080), de acuerdo a las instrucciones del 
fabricante. Posteriormente se seleccionaron las células infectadas con puromicina a 
una concentración final de 1 µg/ml. 
3. Modelos animales. 
Los ratones Vhlfloxed-UBC-Cre-ERT2 se generaron cruzando los ratones C;129S-
Vhlhtm1Jae/J  (Jackson Laboratories, stock no. 4081), que contienen dos sitios loxP 
flanqueando el promotor y el exón 1 del locus murino Vhl (Haase et al., 2001), con los 
ratones B6.Cg-Tg(UBC-Cre/ERT2)1Ejb/J (Jackson Laboratories, stock no. 008085), que 
expresan de forma ubicua la recombinasa Cre (Cre-ERT2) (Ruzankina et al., 2007). 
Los ratones Vhlfloxed HIF2αfloxed-UBC-Cre-ERT2 se generaron a través de los 
cruces apropiados usando los ratones Epas1tm1Mcs/J (Jackson Laboratories, stock 
no. 008407), que contienen dos sitios loxP flanqueando el exón 2 del locus de HIF2α. 
Los ratones fueron criados en el área específica libre de patógenos del 
animalario de la Universidad Autónoma de Madrid (UAM). Todos los procedimientos 
experimentales fueron aprobados por el Comité Ético de Investigación de la UAM y se 
llevaron a cabo bajo la supervisión del Responsable del Animalario de la UAM de 













acuerdo con la normativa española y europea (B.O.E, 18 March 1988, and 
86/609/EEC European Council Directives).  
El genotipaje de los ratones se llevó a cabo a partir de una biopsia de la cola, 
que fue incubada durante 16 horas a 56ºC con 200µl de tampón de lisis (100mM 
Tris/HCl pH8, 5mM EDTA, 0,2% SDS, 200mM NaCl) y proteinasa K a una 
concentración final de 100µg/ml. Tras eliminar por centrifugación los restos celulares, 
se precipitó del sobrenadante obtenido el ADN por adición de isopropanol en volumen 
1:1. Este ADN genómico se caracterizó mediante PCR usando los oligonucleótidos 
descritos en la Tabla I. 
 
Diana Especie Dirección 
(5´->3´) 
Secuencia 
VHL Ratón F  
R             
CTCAGGTCATCTTCTGCAACC 
TCTGTCTTGGCCTCCTGAGT 









Tabla I: Secuencias de oligonucleótidos. Parejas de 
oligonucleótidos empleados para la amplificación por PCR.  
 
Para la inactivación génica, los ratones Vhlfloxed-UBC-Cre-ERT2  y Vhlfloxed 
HIF2αfloxed-UBC-Cre-ERT2 fueron alimentados a voluntad durante 10 días con una dieta 
que contienen 400mg de citrato de 4-hidroxi-tamoxifeno/Kg dieta Teckland CRD 
TAM400/CreER (Harlan Teklad). Tras este periodo de tiempo con esta dieta se les 
volvió a alimentar con una dieta estándar para ratón (Safe®, Augy, France) durante 10 
días más. Para someter a los ratones in vivo a hipoxia se les emplazó en una cámara 
hermética con válvulas de entrada y salida de aire insuflada con una mezcla de 10% 





4. Inmunodetección de proteínas mediante Western Blot. 
Las células, tras lavarse con PBS frío, se lisaron en Laemmli (2% SDS, 10% 
glicerol, 10mM DTT, 62mM Tris pH 6,8 y 0,004% de azul de bromofenol). Los 
pulverizados de los hígados y pulmones murinos se homogeneizaron en tampón de 
lisis (50mM Tris HCl, pH 7,4, 1% Triton X-100, 0,2% SDS, 1 mM EDTA) suplementado 
con inhibidor de proteasas libre de EDTA e inhibidor de fosfatasas (ambos de Roche) y 
se cuantificaron mediante BCA (Bicin-Choninic Acid Protein Assay Kit, Pierce). Las 
proteínas contenidas en estos lisados se resolvieron en geles de poliacrilamida-SDS al 
8 o al 10% y posteriormente se transfirieron a membranas de nitrocelulosa (Bio-Rad). 
Las membranas se bloquearon con TBS-T (50mM Tris HCl, pH 7,6, 150mM NaCl pH, 
0,1% Tween-20) y 5% de leche en polvo desnatada y se incubaron al menos 16 horas 
a 4ºC en cámara húmeda con los anticuerpos primarios correspondientes. Tras la 
incubación, se lavaron las membranas con TBS-T para eliminar el exceso de 
anticuerpo primario y se incubaron con los respectivos anticuerpos secundarios. La 
unión del anticuerpo se detectó mediante quimioluminiscencia potenciada 
(SuperSignal West Femto Maximum Sensivity Substrate, Thermo Scientific) y se 
visualizó con un analizador de imagen (Image Quant LAS400 mini). 
5. Silenciamiento génico mediante siARN. 
Los silenciamientos se realizaron mediante ARN de interferencia utilizando 
oligonucleótidos siARN humanos dirigidos frente a SLC7A5, RagA, RagB y non-
targeting pool como control (siSCR), todos ellos SMARTpool de Dharmacon; así como 
frente a HIF2α (MISSION HIF2α siARN, SASI_Hs_00019152) y su correspondiente 
control MISSION siARN Universal Negative Control #1 (siSCR) de Sigma. Las células 
se transfectaron con dichos siARNs a una concentración final de 100nM usando 
Lipofectamine 2000 (Invitrogen) según las instrucciones del fabricante. Tres días 
después de la transfección se analizó el grado de interferencia y el efecto de la misma 
en los distintos procesos analizados. 
6. Extracción de ARN y PCR cuantitativa a tiempo real. 
El ARN total procedente de células se aisló mediante el uso de Ultraspec 
(Biotecx) según las especificaciones del fabricante. Los hígados y pulmones murinos 
fueron homogeneizados en Trizol (Invitrogen) con dos ciclos de 
congelación/descongelación. El ARN total fue aislado usando el RNeasy ARN 













extraction kit (Quiagen). El ARN extraído se cuantificó usando el Nanodrop 
(ThermoFisher Scientific; Waltham). Se usó 1µg de ARN para retrotranscribir a ADNc 
(Improm-II reverse transcritase, Promega), y se utilizó 1µl del ADNc resultante como 
molde para las reacciones de amplificación llevadas a cabo con Power SYBR Green 
PCR Master Mix kit (Applied Biosystems). Los datos se analizaron con StepOne 
Software versión 2.0 (Applied Biosystems). Para cada muestra se realizaron medidas 
por duplicado y todos los valores se normalizaron en base a los niveles de expresión 
del gen Hprt. Las parejas de oligonucleótidos usados para las amplificaciones se 
diseñaron de forma que hibridaran en distintos exones para evitar de este modo 
amplificaciones de ADN genómico. Dicho diseño se realizó con ayuda del programa 
Primer Express. Las parejas de oligonucleótidos usados se especifican en la Tabla II. 
Diana Especie Dirección 
(5´->3´) 
Secuencia 
OCT4 Humano F  
R             
GCTTAGCTTCAAGAACATGTGTA 
CTCTCACTCGGTTCTCGAT 

































Tabla II: Secuencias de oligonucleótidos. Parejas de 






7. Ensayos de inmunoprecipitación de cromatina (ChIP). 
Los distintos transfectantes estables de las líneas WT8 y 786-O se cultivaron 
en placas de 10cm hasta una confluencia de 85% y se fijaron con 1% (v/v) de 
formaldehido (concentración final) durante 12 minutos a 37ºC. A continuación se 
lavaron con PBS frío y posteriormente se lisaron en 1ml de tampón de lisis (1% SDS, 
10 mM EDTA, 50 mM Tris/HCl, pH 8.1, y el inhibidor de proteasas Complete (Roche 
Diagnostics)). Los lisados celulares se incubaron en hielo durante 10 minutos y 
después se sonicaron bajo las condiciones establecidas para cortar el ADN en 
fragmentos que se encuentren entre 200 y 1500 pb. Seguidamente se retiró el material 
insoluble por centrifugación y fueron recogidos y guardados 30μl de cada muestra 
(Input). El resto se diluyó en tampón de inmunoprecipitación (1% Tritón X-100, 2 mM 
EDTA, 150 mM NaCl y 20 mM Tris/HCl, pH 8.1). Los lisados fueron preclareados con 
suero preinmune y 200μg de ADN de esperma de salmón/Proteína A agarosa (Upstate 
Biotechnology) durante 1h a 4ºC. Las muestras se inmunoprecipitaron dos veces, 
inicialmente con suero de conejo durante 6h (IgG control) y después durante la noche 
a 4ºC con los anticuerpos policlonales anti-HIF2α (Novus Biologicals, NB100-132) o 
anti-HA (Abcam, ab9110). Los inmunocomplejos se recuperaron por la adición 400μg 
Proteína A agarosa a las muestras y posteriormente se lavaron repetidamente durante 
15 minutos en TSE I (0.1% SDS, 1% Tritón X-100, 2 mM EDTA, 20 mM Tris/HCl, pH 
8.1 y 150 mM NaCl), TSE II (0.1% SDS, 1% Tritón X-100, 2 mM EDTA, 20 mM 
Tris/HCl, pH 8.1 y 500 mM NaCl) y tampón III (0.25 M LiCl, 1% Nonidet P40, 1% 
deoxicolato, 1 mM EDTA y 10 mM Tris/HCl, pH 8.1). Finalmente, los complejos, se 
lavaron dos veces con tampón TE (10 mM Tris, pH 8.0, y 1 mM EDTA) y fueron 
extraídos dos veces con un tampón que contiene 1% SDS y 0.1 M NaHCO3. Las 
proteínas fueron extraídas por adición de proteinasa K (30 μg/muestra) durante 2h a 
42ºC, y el ADN fue purificado usando un kit de extracción PCR de Qiagen, eluyendo 
en 50 μl de agua. El ADN inmunoprecipitado fue amplificado por RT- PCR para evaluar 
la unión de HIFα al promotor proximal de Slc7a5, usando los siguientes 
oligonucleótidos: en el promotor proximal del gen (forward, 5´-
TCGGTTCTTCCCTCGTC-3´; reverse, 5´-GGAACCTAGGCTCCTGT-3´); en el intrón 1 
del gen (forward, 5´-TTTACGTTCCTGGACCATCC-3´; reverse, 5´-
CAAGAGGCTGGGAGTATTGC-3´). Para la evaluación de la unión de la isoforma 
HIF1α a las secuencias reguladoras del gen Pdk1 se realizaron RT-PCR usando los 
oligonucleótidos previamente descritos (Kim et al., 2006a; Papandreou et al., 2006): 
región #1 de Pdk1 positiva para la unión (forward, 5´- CGCGTTTGGATTCCGTG-3´; 
reverse, 5´-CCAGTTATAATCTGCCTTCCC TATTATC-3´); región #2 de Pdk1 negativa 













para la unión (forward, 5´- AAAGGACATTCTACAACGATTCTGC-3´; reverse, 5´-
CAATTGTCTGGTTACTGAAAGTCTCC-3´).  
8. Generación de tumores en ratones inmunodeficientes. 
Un total de 18 ratones inmunodeprimidos SCID (Charles Rivers) fueron 
inoculados subcutáneamente con células 786-O infectadas establemente con el 
shARN control (786-O-shSCR) o con shARN frente a SLC7A5 (786-shSLC7A5). 
Estando las células 786-O en su fase exponencial de crecimiento se tripsinizaron y 
resuspendieron en medio RPMI sin suero. Cada ratón fue inyectado en cada flanco 
dorsal con 4,4 x 106 células en 0,2ml de medio. En el flanco izquierdo se inocularon las 
células control y en el flanco derecho las células con la expresión de SLC7A5 
silenciada. A partir del día 15 tras la inyección se monitorizó semanalmente la 
presencia y tamaño de la masa tumoral con calibres digitales en diámetros 
perpendiculares. El volumen de los tumores se calculó usando la fórmula [D*d*d]/2, 
donde “D” es el diámetro más largo del tumor y “d” el más corto. Los animales fueron 
humanamente sacrificados de acuerdo con las recomendaciones y procedimientos del 
comité de bioética para este experimento concreto (CBA PA 77_2011-v2). 
9. Inmunodetección proteica en el material clínico tumoral.  
Las muestras renales humanas procedentes de biopsias se obtuvieron de 
pacientes diagnosticados y tratados quirúrgicamente en el Servicio de Urología del 
Complejo Universitario de Albacete bajo la supervisión del comité ético local y fueron 
analizadas histológicamente por el Servicio de Patología. Todos los casos fueron 
revisados y diagnosticados de acuerdo a la clasificación de la Organización Mundial de 
la Salud. Los tejidos fueron disgregados usando el Polyton dispersing system PT-2100 
(Kinematica AG) en tampón de lisis (100mM HEPES, pH 7.5, 50mM NaCl, 0,1% Triton 
X-100, 5mM EDTA, 0,125M EGTA) con inhibidores de proteasas y fosfatasas (0.2 
mg/ml Leupeptina, 2mg/ml, Aprotinina, 1mM PMSF and 0.1mM Na3VO4). Tras 
cuantificar las muestras por BCA (Pierce) se cargaron en geles de poliacrilamida-SDS 
del 6 ó 12% 100 µg de proteína procedente del tejido neoplásico y del tejido sano renal 
adyacente y una vez separadas las proteínas se transfirieron a una membrana de 




10. Inmunodetección de proteínas mediante inmunohistoquímica. 
Para realizar el análisis inmunohistoquímico se procedió a la inclusión en 
parafina de los hígados y pulmones murinos tras haberlos fijado con paraformaldehido 
al 4% durante 16 horas. A continuación las secciones de los tejidos se colocaron en 
portaobjetos y se sometieron a eliminación de antígenos inducida por microondas (15 
minutos a 240W) en citrato de sodio 0,01M a pH 6. La peroxidasa y biotina endógena 
fueron bloqueadas usando H2O2 al 0,3% en metanol y un kit de bloqueo de 
avidina/biotina (Vector Laboratories), respectivamente. Las secciones se incubaron 
durante 16 horas con los anticuerpos anteriormente descritos. La unión de los 
anticuerpos se detectó usando un kit LSAB+Peroxidasa con 3, 3´-diaminobencidina 
como cromógeno (Dako), de acuerdo a las recomendaciones del fabricante. 
Finalmente las seccciones fueron deshidratadas y montadas con medio de montaje 
Eukitt (Sigma-Aldrich).   
11. Análisis estadístico de los datos. 
Los datos experimentales se analizaron con PrismTM GraphPad (versión 5.00) 
software, de los cuales se muestra el valor medio ± el error estándar de la media 





















































1. La activación de mTORC1 es inducida específicamente por la isoforma 
HIF2α. 
Con el fin ya comentado de evaluar el papel de HIF2α en la regulación de la 
actividad de mTORC1 empleamos como primera aproximación el modelo celular WT8, 
de uso muy extendido en el estudio de las funciones biológicas de HIF2α (Kondo et al., 
2002, 2003; Raval et al., 2005). Estas células derivan de la línea de carcinoma renal 
de célula clara 786-O que únicamente expresa la isoforma HIF2α, en la que se ha 
restaurado la expresión de una proteína VHL funcional, por lo que la ruta de HIF (en 
este caso sólo HIF2α) se regula normalmente en hipoxia. Estas células WT8 
“normalizadas” se han utilizado ampliamente para estudiar las funciones de HIF2α 
expresando exógenamente en ellas formas constitutivamente estables de HIF2α 
(Kondo et al., 2002, 2003). Así, utilizando como base las células WT8, generamos un 
nuevo transfectante estable que expresaba una variante de HIF2α constitutivamente 
activa con los dos residuos de prolina hidroxilables mutados por alaninas, denominada 
HIF2α(P-A)2. Esta forma no puede por tanto ser degradada por VHL y es 
constitutivamente activa en normoxia. Además se generó otra línea estable que 
expresaba esa misma forma de HIF2α pero con el dominio de unión a ADN mutado y 






Figura 8. Modelo celular empleado y su regulación por VHL. Para el estudio del efecto de 
HIF2α sobre la activación de mTORC1 se emplearon las células WT8 procedentes de la línea 
de carcinoma renal de célula clara 786-O transfectada establemente con un gen Vhl funcional. 
Estas células WT8 se infectaron a su vez para expresar de forma estable un plásmido 
codificante para la forma constitutivamente estable y transcripcionalmente activa HIF2α(P-A)
2
, 
para la forma constitutivamente estable pero transcripcionalmente inactiva HIF2α(P-A)
2
bHLH* o 
con el plásmido vacío (células WT8 control). 









En la Figura 9 se puede observar que ambas formas de HIF2α se expresaron 
de forma eficiente en las células WT8 HIF2α(P-A)2 y WT8 HIF2α(P-A)2bHLH*, 
comparada su expresión con las células WT8 control infectadas con el vector vacío. 
Como control interno de la actividad de estas versiones de HIF2α, evaluamos la 
expresión del gen Oct4, un gen diana bien conocido específico de la subnidad HIF2α 
(Covello et al., 2005). Como esperábamos, los niveles de ARN mensajero (ARNm) de 
dicho gen aumentaban en las células WT8 HIF2α(P-A)2  respecto a las WT8 control 













bHLH*. (A) Se analizaron 
mediante Western blot los niveles proteicos de HIF2α y α-tubulina en lisados 
totales de células WT8 infectadas con el vector lentiviral vacío (WT8 control) o 




bHLH*. (B) Se 
analizaron mediante RT-PCR cuantitativa los niveles relativos de ARNm del 
gen Oct4 en estos mismos tipos celulares normalizados con respecto a la 
expresión de Hprt. Se muestra la media; las barras de error representan el 
SEM; n= 6;  ***p<0,001. 
 
A continuación quisimos evaluar la actividad de mTORC1 en cada uno de estos 
tipos celulares y lo hicimos determinando el estado de fosforilación de sus dos dianas 
más comúnmente usadas para este fin (Cam et al., 2010; Sonenberg and Hinnebusch, 
2009), las proteínas 4EBP1 y rpS6. Los niveles de fosforilación de ambas proteínas 
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fueron ensayados con los anticuerpos frente los residuos fosforilados Ser65 y Thr37/46 
de 4EBP1 y Ser235/236 de rpS6 (ver Introducción). Nuestros primeros datos revelaron 
que (i) los niveles basales de fosforilación de 4EBP1 y rpS6 estaban ya elevados en 
las células control WT8 y (ii) que estos niveles eran similares en las células WT8 
HIF2α(P-A)2 y WT8 HIF2α(P-A)2bHLH* (Figura 10). En este sentido, se observa que la 
mayor parte de la proteína 4EBP1 estaba presente en la banda superior en los tres 
tipos celulares, indicativo de un estado de hiperfosforilación y por tanto de activación 
de mTORC1. 
En base a estos datos razonamos que quizá las condiciones de cultivo 
comúnmente usadas para cultivar estas células (RPMI 1640) eran responsables del 
elevado nivel de activación de mTORC1 en todas ellas, y que esto podría estar por 
tanto enmascarando un posible papel de HIF2α sobre la actividad de mTORC1. 
Quisimos entonces investigar si la forma HIF2α(P-A)2 podría inducir la actividad basal 
de mTORC1 en células WT8 control cuando su actividad basal estuviera disminuida. 
Dado que la actividad de mTORC1 es dependiente de la concentración extracelular de 
aminoácidos (Hara et al., 1998; Nicklin et al., 2009; Wang et al., 1998), decidimos 
cultivar  las células en un medio de cultivo con el 50% de la concentración normal de 
aminoácidos. Se ha considerado que unas condiciones más limitantes de aminoácidos 
son más similares a las que las células tanto tumorales como no tumorales 
experimentan in vivo con lo cual podrían considerarse más adecuadas para investigar 
la función de HIF2α sobre mTORC1. En estas condiciones limitantes comprobamos en 
las células WT8 control, mediante Western blot, que la proteína 4EBP1 total se 
encontraba mayoritariamente presente en la banda inferior, lo cual es indicativo de un 
estado de hipofosforilación y por tanto de inactivación de mTORC1. Sin embargo en 
las células WT8 HIF2α(P-A)2 la mayor parte de la proteína 4EBP1 estaba presente en 
la banda superior, indicativo de un estado de hiperfosforilación y por tanto de 
activación de mTORC1. Al incubar las membranas con los anticuerpos dirigidos frente 
a los residuos fosforilados Ser65 y Thr37/46 de 4EBP1 también se detectó mayor 
presencia de estas bandas superiores. Este efecto era totalmente dependiente de la 
capacidad de unión a ADN de HIF2α, ya que los niveles de fosforilación de 4EBP1 en 
las células WT8 HIF2α(P-A)2bHLH*, que expresan la forma de HIF2α 
transcripcionalmente inactiva, eran muy similares a los de las células WT8 control. El 
mismo efecto observamos en los niveles de fosforilación de los residuos Ser235/236 de la 
otra diana de mTORC1 evaluada, la proteína rpS6.  
 


















Figura 10. Efectos de la actividad de HIF2α sobre el estado de activación de 
mTORC1 en las células WT8. Análisis por Western blot del estado de 





bHLH* cultivadas durante 72 horas en un 
medio de cultivo estándar (panel izquierdo) o en un medio con un 50% del 
contenido normal de aminoácidos (panel derecho). 
 
Para evaluar si el efecto activador sobre mTORC1 era específico de la isoforma 
HIF2α llevamos a cabo el mismo experimento con células WT8 infectadas con una 
forma constitutivamente activa de HIF1α en la que también los dos residuos de prolina 
críticos para su hidroxilación y degradación han sido mutados, generando las células 
WT8 HIF1α (P-A)2. En la Figura 11 se observa que las células WT8 HIF1α (P-A)2, 
cuando se comparan con las células control WT8, expresan eficientemente HIF1α a 
nivel proteico (panel A) y presentan niveles elevados del ARNm del gen bNIP3 (panel 
B), un gen diana específico de HIF1α (Raval et al., 2005). Sin embargo estas células, 
aún cultivadas en un medio con bajo contenido en aminoácidos (50%), no presentaban 
diferencias en el estado de fosforilación de las dianas de mTORC1 4EBP1 y rpS6 













Figura 11. Expresión y actividad transcripcional de HIF1α y sus efectos sobre 
el estado de activación de mTORC1 en las células WT8. (A) Se analizó por 
Western blot el estado de fosforilación de las dianas de mTORC1 4EBP1 y rpS6 
en lisados totales de las células WT8 control y WT8 HIF1α(P-A)
2
 cultivadas 
durante 72 horas en un medio de cultivo con un 50% del contenido normal de 
aminoácidos. (B) Análisis mediante RT-PCR cuantitativa de los niveles relativos de 
ARNm del gen bNIP3 en estos mismos tipos celulares, normalizados con respecto 
a la expresión de Hprt. Se muestra la media; las barras de error representan el 
SEM; n= 4, *p<0,05;***p<0,001.  
 
En conjunto estos datos indican que HIF2α es capaz de sostener la actividad 
de mTORC1 cuando el suministro de aminoácidos se encuentra limitado y que dicha 
capacidad es exclusiva de esta isoforma y totalmente dependiente de su actividad 
transcripcional.   
2. El transportador de aminoácidos SLC7A5, activador de mTORC1, es 
específicamente inducido por HIF2α. 
En base a los resultados anteriores quisimos profundizar en los mecanismos 
moleculares que podrían subyacer a la activación de mTORC1 por HIF2α. Es conocido 
A B 









que los transportadores de aminoácidos SLC1A5 (ASCT2) y SLC7A5 (LAT1) son 
elementos críticos en el mantenimiento de la actividad de mTORC1 (Fuchs and Bode, 
2005; Nicklin et al., 2009), debido a que le proporcionan aminoácidos esenciales, 
claves para su activación. Decidimos por tanto investigar si HIF2α podría estar 
alterando la expresión de estos transportadores. Al evaluar los niveles de ARNm de 
estos genes observamos que efectivamente la expresión del gen Slc7a5 se 
encontraba claramente inducida en las células WT8 HIF2α (P-A)2 comparada con las 
células WT8 HIF2α(P-A)2bHLH* y las células WT8 control (Figura 12A). Sin embargo 
los niveles de ARNm del transportador ASCT2 estaban mínimamente afectados 
(Figura 12B). De nuevo este efecto resultó ser específicamente causado por HIF2α, 
dado que las células WT8 HIF1α(P-A)2 mostraban, por el contrario, una leve inhibición 
de la expresión del gen Slc7a5. Adicionalmente, un análisis por Western blot de 
lisados totales de estos tipos celulares también reveló un incremento de los niveles de 









Figura 12. Análisis del efecto transcripcional de HIF1α y HIF2α sobre la 
expresión génica de transportadores de aminoácidos. Análisis mediante RT-
PCR cuantitativa de los niveles relativos de ARNm de los genes Slc7a5 (A) y 





Slc7a5 también se muestran en las células WT8 HIF1α(P-A)
2 
(A). Los datos se 
han normalizado con respecto a la expresión de Hprt. Se muestra la media; las 





Figura 13. Análisis de la función  
transcripcional de HIF2α sobre la 
expresión proteica de SLC7A5. Análisis 
por Western blot de la expresión de la 






su correspondiente control de carga α-
tubulina. 
 
3. El transportador SLC7A5 media la activación de mTORC1 por HIF2α. 
Para evaluar si el aumento en la expresión de SLC7A5 era el responsable de la 
activación de mTORC1 dependiente de HIF2α observada, decidimos a continuación 
silenciar el gen Slc7a5 en las células WT8 HIF2α(P-A)2 (Figura 14). Al interferir 
moderadamente la expresión del transportador -aproximadamente hasta el nivel que 
presenta en normoxia - observamos una clara represión de la actividad de mTORC1 
en estas células, hasta niveles similares a los observados en las células WT8 control. 
Esto se observa en el análisis por Western blot de la proteína 4EBP1 total, cuya 
proporción de la banda inferior aumenta claramente, y de su residuo fosforilado 
Thr37/46, que disminuye igualmente tras el silenciamiento de Slc7a5 (Figura 14A). 
Igualmente se observa que la hiperfosforilación de rpS6 en las células WT8 HIF2α(P-
A)2 es mucho menos eficiente tras la interferencia del gen de Slc7a5 (Figura 14). Es 
interesante recalcar que las diferencias en la expresión del transportador SLC7A5 sólo 
son capaces de alterar el estado de activación de mTORC1 cuando las células son 
cultivadas en un medio con un contenido reducido de aminoácidos (Figura 14, panel 
izquierdo), pero que este efecto se pierde cuando el experimento se realiza en las 
condiciones de cultivo celular estándar (Figura 14, panel derecho).  
 
 



















Figura 14. Contribución de la expresión de SLC7A5 a la activación de 
mTORC1 dependiente de HIF2α en un medio con concentración reducida o 
normal de aminoácidos. Las células WT8 control fueron transfectadas con un 





interfirieron con un siARN dirigido frente a Slc7a5 (siSLC7A5). A continuación se 
cultivaron durante 72 horas en un medio de cultivo con un 50% del contenido 
normal de aminoácidos (panel izquierdo) o con la concentración normal de 
aminoácidos (panel derecho). Los lisados totales de dichas células se analizaron 
por Western blot para comprobar la expresión de HIF2α, SLC7A5 y el estado de 
fosforilación de las dianas de mTORC1 4EBP1 y rpS6.  
 
Como se comentó previamente, es conocido el papel clave de SLC7A5, junto 
con ASCT2, en la activación de mTORC1 por su capacidad para introducir 
aminoácidos esenciales en la célula a cambio de glutamina (Fuchs and Bode, 2005; 
Nicklin et al., 2009). Decidimos por tanto confirmar si las células WT8 HIF2α(P-A)2 eran 
también capaces de preservar el incremento en la actividad de mTORC1 cuando eran 
cultivadas en un medio con una reducción específica de su contenido en aminoácidos 
esenciales (AAEE) y glutamina (Gln). Como se muestra en la Figura 15, HIF2α 
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también promueve la actividad de mTORC1en estas condiciones más específicas de 
deprivación de aminoácidos. Además, el silenciamiento de las proteínas RagA/B, 
previamente identificadas como mediadores centrales de la actividad de mTORC1 
dependiente de aminoácidos esenciales (Kim et al., 2008; Sancak et al., 2008), 
también comprometía la actividad de mTORC1 en las células WT8 HIF2α(P-A)2 (Figura 
16). Todos estos datos sugieren que, por debajo de cierto umbral de contenido 
extracelular de aminoácidos, la expresión de SLC7A5 dependiente de HIF2α se 
convierte en un factor limitante para la actividad de mTORC1. Esto podría estar 
reflejando el hecho de que los niveles de aminoácidos en el medio de cultivo normal 
exceden aquellos encontrados normalmente por las células en contextos in vivo tales 
como los escenarios intra-tumorales (Reid et al., 2013).  
 
 
Figura 15. Efectos de la actividad de HIF2α 
sobre el estado de activación de mTORC1 en 
células WT8 en medio deprivado 
específicamente de aminoácidos esenciales 
(AAEE) y glutamina (Gln). Análisis por Western 
blot del estado de fosforilación de las dianas de 
mTORC1 4EBP1 y rpS6 en lisados totales de 





bHLH* cultivadas durante 72 horas en un 
medio con bajo contenido en AAEE y Gln. 
 
Figura 16. Contribución de las proteínas RagA y B 
a la actividad de mTORC1 dependiente de HIF2α. 
Las células WT8 HIF2α(P-A)
2 
fueron transfectadas con 
un siARN control (siSCR) o con siARNs frente a RagA 
y RagB (siRagA/B), alcanzando un silenciamiento del 
86% y 71% respectivamente. Seguidamente se 
cultivaron durante 72 horas en un medio con un 50% 
del contenido normal de aminoácidos. Los lisados 
totales de dichas células se analizaron por Western 
blot para comprobar el estado de fosforilación de las 
dianas de mTORC1 4EBP1 y rpS6. 










4. La proteína HIF2α endógena también activa mTORC1 a través de 
SLC7A5 en condiciones de escasez de aminoácidos.  
Habiendo confirmado el papel de una forma exógena de HIF2α en el modelo 
célular WT8, quisimos comprobar si también la proteína HIF2α endógena es capaz de 
activar la vía de señalización de mTORC1 así como la expresión de SLC7A5. Para ello 
usamos la línea celular original de carcinoma renal deficiente para VHL, 786-O, que 
expresa de forma constitutiva HIF2α en normoxia (Kondo et al., 2002). El 
silenciamiento de HIF2α resultó en una clara represión de la expresión de SLC7A5 y 
de la actividad de mTORC1 en células 786-O cuando eran cultivadas en medio con un 
contenido reducido en aminoácidos esenciales (AAEE) y glutamina (Gln) (Figura 17A), 
pero no así en medio con un contenido normal de aminoácidos (datos no mostrados). 
Así observamos que al silenciar HIF2α se producía un aumento en la proporción de la 
banda inferior de 4EBP1 y disminuía el nivel de fosforilación de la proteína rpS6. Los 
mismos resultados se observaron cuando se eliminó la proteína HIF2α restaurando la 













Figura 17. Efecto de la proteína HIF2α endógena sobre la actividad de 
mTORC1 y la expresión de SLC7A5 en células 786-O deficientes para VHL 
en un medio de cultivo con un contenido disminuido de aminoácidos. 
Análisis por Western blot de la expresión de HIF2α y SLC7A5 y del estado de 
fosforilación de las dianas de mTORC1 4EBP1 y rpS6 en lisados totales de 
células (A) 786-0 con la expresión de HIF2α silenciada (siHIF2α) y su 
correspondiente control de células 786-O transfectadas con el siARN control 
(siSCR) transcurridas 72 horas de la transfección; (B) células 786-O y sus 
homólogas 786-O-VHL en las que la expresión de VHL ha sido restituida y (C) 
células 786-O con la expresión de SLC7A5 silenciada (shSLC7A5) y su 
correspondiente control de células 786-O infectadas con el shARN control 
(shSCR). Todos estos experimentos se realizaron cultivando las distintas 
células 786-O durante 48 horas en un medio con un 5% del contenido normal 
de aminoácidos esenciales (AAEE) y glutamina (Gln). 
 
Finalmente evaluamos la contribución relativa de la inducción de SLC7A5 por 
HIF2α en la actividad de mTORC1 en las células 786-O. Para ello generamos la línea 
celular 786-O-shSLC7A5 (ver Materiales y métodos) en la que la expresión de 
SLC7A5 se encuentra disminuida hasta niveles similares a los obtenidos tras el 
silenciamiento del HIF2α endógeno (comparar paneles A y C de la Figura 17). De 
nuevo los niveles de fosfo-rpS6 disminuyeron tras el silenciamiento de SLC7A5 
respecto a su correspondiente control 786-O-shSCR. Además, las células 786-O-
shSLC7A5 también mostraban una predominancia en la forma inferior hipofosforilada 
de 4EBP1 (Figura 17C). En conjunto estos datos indican que la expresión endógena 
de HIF2α en células 786-O también regula la actividad de mTORC1 debido a su 
capacidad para inducir la expresión de  SLC7A5 cuando el suministro de aminoácidos 
está limitado.  
5. HIF2α se une al promotor proximal de Slc7a5. 
Los resultados anteriores nos llevaron a preguntarnos si SLC7A5 podría ser 
una diana transcripcional directa de HIF2α. Para ello investigamos si HIF2α era capaz 
de unirse a las secuencias reguladoras de ADN en el locus de Slc7a5. Un análisis de 









la secuencia de este gen reveló que el promotor proximal de Slc7a5 humano contiene 








Figura 18. Representación esquemática del gen humano de Slc7a5. Se indican las 
posiciones del promotor proximal y del intrón 1 así como, resaltadas en negrita, las 
secuencias de nucleótidos correspondientes a dos potenciales elementos de respuesta a 
hipoxia. 
 
Al realizar un ensayo de inmunoprecipitación de cromatina (ChIP) en las 
células WT8 HIF2α(P-A)2, HIF2α(P-A)2 bHLH* y las células WT8 control observamos 
que la unión de HIF2α al promotor proximal de Slc7a5 estaba aumentada en las 
células WT8 HIF2α(P-A)2 comparadas con las células WT8 HIF2α(P-A)2 bHLH* y las 
WT8 control (Figura 19A). Esta unión era específica al promotor proximal ya que no se 
detectaba cuando se utilizaban oligonucleótidos correspondientes al intrón 1 (Figura 
19A). Además, también se observó la unión constitutiva de la proteína HIF2α 
endógena al promotor proximal de Slc7a5, pero de nuevo no al intrón 1, en células 





















Figura 19. HIF2α se une al promotor proximal de Slc7a5. Ensayo de 
inmunoprecipitación de cromatina (ChIP) para comprobar la actividad relativa de unión 





bHLH* o (B) células 786-O y sus homólogas 
786-O con la expresión de VHL restituida. Los datos se representan como el cambio 
relativo a las células WT8 control. Se muestra la media; las barras de error representan 
el SEM; n=5; *p<0,05.  En los paneles de la derecha se muestran geles representativos 
del ADN amplificado en los ensayos de ChIP.  
 
Pudimos confirmar que la unión de la isoforma HIF2α era específica ya que un 
análisis en paralelo en idénticas condiciones experimentales en células WT8 HIF1α(P-
A)2 no reveló unión del factor HIF1α al promotor proximal de Slc7a5, mientras que sí se 









observaba su unión al promotor de la piruvato deshidrogenasa quinasa 1 (Pdk1), un 
conocido gen dependiente de HIF1α (Figura 20). En conjunto estos resultados indican 
que HIF2α -pero no HIF1α - se une específicamente al promotor proximal de Slc7a5 a 
través de su dominio de unión a ADN y está por tanto potencialmente implicado en el 









Figura 20. HIF1a no se une al promotor proximal de Slc7a5. Ensayo ChIP para 
comprobar la actividad relativa de unión de HIF1α al promotor proximal del gen humano de 
Slc7a5 o al intrón 1 en células WT8 control y WT8 HIF1α(P-A)
2
, así como al promotor 
proximal y a una región de unión negativa del gen humano Pdk1. Para realizar este ensayo 
se emplearon anticuerpos anti-HA, dado que la forma HIF1α(P-A)
2 
es una versión marcada 
con el epítopo HA. Los datos se representan como el cambio relativo a las células WT8 
control. Se muestra la media; las barras de error representan el SEM; n=3; *p<0,05. 
6. HIF2α induce la proliferación de células de carcinoma renal y el 
crecimiento tumoral a través de SLC7A5 
 Es bien conocido que la expresión de HIF2α en carcinomas renales de célula 
clara deficientes para VHL favorece el crecimiento tumoral (Kondo et al., 2002, 2003; 
Raval et al., 2005). Dada la relevancia que la activación de mTORC1, como máximo 
responsable de la síntesis de proteínas, puede tener en este proceso, quisimos 
investigar la contribución de la vía HIF2α-SLC7A5 a la proliferación de las células WT8 
HIF2α(P-A)2. Estas células no proliferan más rápidamente que las WT8 control o las 
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WT8 HIF2α(P-A)2 bHLH* cuando se cultivan en un medio con un contenido normal de 
aminoácidos. De hecho, se observa incluso cierta tendencia hacia una menor tasa de 
proliferación al compararlas con las WT8 HIF2α (P-A)2 bHLH* (Figura 21A). Dado el 
papel de SLC7A5 como transportador de aminoácidos y la regulación de mTORC1 por 
HIF2α cuando los aminoácidos son limitantes, quisimos investigar si la presencia de 
HIF2α puede suponer una ventaja proliferativa cuando las células son cultivadas en 
condiciones de baja disponibilidad de aminoácidos. Efectivamente, al cultivar las 
células en medio con un 5% del contenido estándar de aminoácidos, las células WT8 
HIF2α(P-A)2 mostraron una proliferación mayor que las células WT8 control o las WT8 
HIF2α(P-A)2 bHLH* (Figura 21B). En estas condiciones de deprivación de aminoácidos 
las células simplemente continuaron proliferando, aunque con una menor tasa de lo 
que lo hacen en medio con contenido normal de aminoácidos, pero sin mostrar 
señales de apoptosis. A continuación quisimos evaluar el papel tanto del transportador 
SLC7A5 como de mTORC1 en esta ventaja proliferativa de las células WT8 HIF2α(P-
A)2. Para ello realizamos el mismo tipo de experimento interfiriendo por un lado dichas 
células con el siARN de Slc7a5 o un siSCR control, y por otro lado, inhibiendo 
farmacológicamente mTORC1 mediante el uso de rapamicina. Tanto el silenciamiento 
del gen Slc7a5 (Figura 21C) como la inhibición de mTORC1 (Figura 21D) eliminaron la 
ventaja proliferativa de las células WT8 HIF2α(P-A)2  en el medio con bajo contenido 
de aminoácidos, dejándola al nivel de las células WT8 control. Estos resultados 
apoyan el papel del eje molecular HIF2α-SLC7A5-mTORC1 en el aumento de la 
capacidad proliferativa autónoma de la célula cuando el suministro de aminoácidos se 
encuentra limitado, circunstancias que se han demostrado ocurren en el 
microambiente intratumoral durante el crecimiento del tumor (Reid et al., 2013). 










Figura 21. Papel del eje molecular HIF2α-SLC7A5-mTORC1 en la proliferación 





bHLH* cultivadas durante 72 horas en medio normal (panel izquierdo) 
o en medio con un 5% de la concentración normal de aminoácidos (panel derecho). Los 
valores están normalizados respecto al número inicial de células. Se muestra la media 
de 4 experimentos; las barras de error representan el SEM; la significancia estadística 
se indica sólo cuando el ratio de  proliferación de las células WT8 HIF2α (P-A)
2 
varía 
significativamente con respecto al de los otros dos tipos celulares. (B) Las células WT8 
control fueron transfectadas con siARN control (siSCR), y las células WT8 HIF2α(P-A)
2
 
se transfectaron con siSCR y con un siARN frente a Slc7a5 (siSLC7A5). 24 horas 
después de la transfección, las células se plaquearon a la misma confluencia en un 
medio con un 5% del contenido normal de aminoácidos, y el incremento en el número 
de células se analizó tras 72 horas. Se muestra la media de 4 experimentos. Las barras 
de error representan el SEM. (C) Células WT8 control y células WT8 HIF2α(P-A)
2 
fueron tratadas con rapamicina (20nM) y cultivadas en medio con un 5% de la 
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concentración de aminoácidos usual. El incremento en el número de células se analizó 
tras 72 horas. Se muestra la media de 8 experimentos. En todos los paneles,  * p<0,05; 
**p<0,01;***p<0,01. 
 
A continuación consideramos esencial evaluar el papel de la vía HIF2α-
SLC7A5 in vivo, para lo cual empleamos el modelo celular de las 786-O, que ha sido 
ampliamente utilizado para valorar las propiedades protumorales de HIF2α en el 
carcinoma renal. Para ello usamos las células 786-O-shSLC7A5, en las cuales la 
expresión de SLC7A5 se encuentra reducida a niveles similares a los encontrados en 
células 786-O con HIF2α silenciado (comparar paneles A y C de Figura 17). Cuando 
inyectamos subcutáneamente estas células (y su correspondiente control 786-O-
shSCR) en ratones inmunodeprimidos, encontramos que la capacidad de crecimiento 
de los xenoinjertos de las células 786-O-shSLC7A5 se encontraba claramente 
disminuida al compararla con el de las células 786-O-shSCR (Figura 22). De hecho, 45 
días después de la inyección subcutánea de las células, el tamaño de los tumores 
786-O-shSLC7A5 era muy inferior (345.6 ± 89 mm3 en los xenoinjertos 786-O-shSCR 
frente a 56.62 ± 16 mm3 en los xenoinjertos 786-O-shSLC7A5, donde n = 18 y p = 
0.0039).  
 
Figura 22. Papel de la inducción de SLC7A5 dependiente de HIF2α en el crecimiento de 
xenoinjertos. Evolución a lo largo de 45 días del volumen (Vol) de tumores de células 786-O 
con SLC7A5 silenciado (cuadrados rojos) y sus correspondientes controles 786-O-shSCR 
(cuadrados negros) inyectados subcutáneamente en los flancos dorsales de ratones 
inmunodeprimidos. Se muestra la media de 18 muestras; las barras de error representan el 
SEM. * p<0,05; **p<0,01. 










Estos resultados indican que la inducción de SLC7A5 dependiente de HIF2α es 
crítica para explicar sus propiedades pro-tumorales y proporcionan una base molecular 
para explicar este fenómeno crítico en carcinoma renal.  
Para intentar encontrar un posible valor clínico a nuestros datos, decidimos 
también evaluar la expresión de SLC7A5 en nefrectomías procedentes de pacientes 
con carcinomas renales de célula clara deficientes para VHL (ccRCCs) o de pacientes 
con carcinomas renales de célula no clara (ncRCCs), con expresión normal de VHL. 
En línea con lo previamente descrito (Mandriota et al., 2002) y a modo de control 
positivo, evaluamos en las muestras la expresión de la proteína anhidrasa carbónica 
IX (CAIX). Todos las muestras de ccRCC (n = 5) mostraban una expresión elevada de 
CAIX, ya identificada como un gen dependiente de HIF cuando se compara con tejido 
renal sano. Al analizar en paralelo por Western blot la expresión de SLC7A5, presente 
en este tipo de muestras como dos bandas, comprobamos que estaba elevada en las 
muestras de ccRCC al compararla con el tejido sano, y correlacionaba con la 
expresión de CAIX (Figura 24). Las dos bandas de señal detectadas fueron 
identificadas como SLC7A5 mediante el empleo de 4 anticuerpos distintos dirigidos 
contra diferentes epítopos de esta proteína. La muestra ccRCC #4 no mostraba 
inducción de SLC7A5, lo cual está acorde con una más leve elevación de la expresión 
de CAIX en esta muestra particular. Se observa además que, al contrario que en las 
muestras ccRCCs, ni la expresión de SLC7A5 ni la de CAIX está alterada en las 
muestras ncRCCs analizadas (n = 3). En conjunto estos resultados, junto con los 
mostrados en el ensayo de crecimiento de xenoinjertos (Figura 22), muestran la 
relevancia de la vía HIF2α-SLC7A5 en la progresión de los carcinomas renales de 
célula clara, desentrañando nuevos aspectos de las propiedades tumorales y 





Figura 24. Expresión proteica de SLC7A5 en carcinomas renales y en el tejido 
renal sano adyacente. Análisis por Western blot de la expresión de SLC7A5 en 5 
muestras de ccRCC deficientes para VHL y 3 carcinomas renales de célula no clara 
(ncRCC), incluyendo su correspondiente control de tejido renal no afectado. Las 
muestras ncRCC #1 y #2 fueron diagnosticadas como carcinomas oncocitomas de 
célula renal y la muestra #3 corresponde a un carcinoma cromófobo de célula renal. 
T= tumor y R= tejido renal sano. Las dos bandas indicadas por flechas fueron 
identificadas como SLC7A5. Todos los ccRCC empleados en este análisis (n=5) 
eran positivos para la expresión de anhidrasa carbónica IX (CAIX). La expresión de 
ERK2 se empleó como control de carga. 
 
7. HIF2α regula la expresión génica de Slc7a5 y la actividad de mTORC1 
en ratones tras la inactivación génica de Vhl o su exposición a hipoxia 
in vivo. 
A continuación exploramos si el eje activador HIF2α-mTORC1 podría ser activo 
en otros escenarios biológicos. Decidimos en concreto investigar esta vía en la 
respuesta pulmonar a hipoxia, donde razonamos que podría ser de especial relevancia 
debido a dos motivos: en primer lugar, porque el pulmón exhibe los mayores niveles 
de expresión de HIF2α en roedores (Wiesener et al., 2003) y, en segundo lugar, 
porque la hipoxia promueve respuestas proliferativas en el pulmón (Brusselmans et al., 
2003; Niedenzu et al., 1981). Los ratones fueron expuestos durante 4 días a 
condiciones de hipoxia (10% de concentración de O2), el cual es un protocolo 
experimental ampliamente utilizado para estudiar respuestas biológicas pulmonares 
dependientes de HIF2α en hipoxia in vivo que llevan a la estabilización de HIF2α en el 
pulmón (Brusselmans et al., 2003). Ensayos de Western blot revelaron un marcado 









incremento en los niveles de rpS6 fosforilada en los pulmones de los ratones 
hipóxicos. Así mismo, también la hipoxia provocó un aumento en los niveles de 
fosforilación de la proteína 4EBP1, (Figura 25A), en base a los datos obtenidos con los 
anticuerpos generados contra la Ser65 y las Thr37/46 fosforiladas, que se sitúan 
preferencialmente en la banda superior hiperfosforilada. Así mismo quisimos conocer 
la localización celular dentro del tejido en la que estaba ocurriendo la activación de 
mTORC1. Para ello realizamos una inmunohistoquímica de la proteína rpS6 en los 
pulmones que reveló que la activación de mTORC1 inducida por la hipoxia ocurría 
fundamentalmente en el epitelio bronquial, donde se detectaba un claro incremento en 





Figura 25. Actividad de mTORC1 dependiente de hipoxia y de HIF2α en el pulmón. (A) 
Se expusieron ratones salvajes a hipoxia 10% O2 (Hx10%) o a normoxia (N) durante 4 días. 
Se analizaron los extractos proteicos pulmonares de dichos ratones por Western blot para 
comprobar el estado de fosforilación de las dianas de mTORC1, 4EBP1 y rpS6. (B) Se 
analizaron mediante inmunohistoquímica los niveles de fosfo-rpS6
Ser235/6
 de pulmones de 











 y sus correspondientes 
controles. Cuantificación del número de células del epitelio bronquial positivas para la tinción 
con fosfo-rpS6
Ser235/6
 de ratones salvajes expuestos a hipoxia 10% O2 (n=4) durante 4 días o a 











(n=4) y sus correspondientes controles (n=3). Se analizaron 5 bronquios de cada animal y 
más de 1500 células de cada grupo. Se muestra la media; las barras de error representan el 
SEM. *p<0,05; **p<0,01;***p<0,001. 
 
A continuación nos preguntamos si la estabilización de HIF2α era suficiente 
para mimetizar esta activación localizada de mTORC1 en los pulmones causada por la 
hipoxia. Para contestar a esta pregunta hicimos uso de ratones adultos Vhlfloxed-UBC-
Cre-ERT2 en los cuales el gen Vhl, un represor central de la actividad de HIF, puede 
ser delecionado de forma aguda (Elorza et al., 2012; Miró-Murillo et al., 2011), así 
como ratones VhlfloxedHIF2αfloxed-UBC-Cre-ERT2, en los cuales tanto Vhl como HIF2α 
son inactivados simultáneamente. Para ello estos ratones fueron tratados durante 10 
días con 4-hidroxi-tamoxifeno, que permite la translocación global de la recombinasa 
UBC-Cre-ERT2 al núcleo de las células. Una vez allí actúa sobre los sitios loxP 
promoviendo la recombinación de las secuencias flanqueadas, el promotor y exón 1 en 
el caso de Vhl, y el exón 2 en HIF2α, lo que conduce a la inactivación génica de estos 
loci (Figuras 26 y 27A).  
 










Figura 26. Generación de ratones deficientes para VHL y HIF2α. Modelo de actuación 
del 4-hidroxi-tamoxifeno. La translocación de la Cre recombinasa al núcleo provoca la 
recombinación y deleción del ADN flanqueado por los sitios loxP en los ratones Vhlfloxed-
UBC-Cre-ERT2 y VhlfloxedHIF2αfloxed-UBC-Cre-ERT2, causando la inactivación génica. 
 
Así se puede observar que los niveles de proteína de HIF2α están claramente 
elevados en los pulmones de los ratones Vhlfloxed-UBC-Cre-ERT2 pero no en los 
VhlfloxedHIF2αfloxed-UBC-Cre-ERT2. En cambio, los niveles proteicos de HIF1α se 
encuentran inducidos en ambas líneas de ratones (Figura 27B). Como se puede 
observar en la Figura 25B, la activación de mTORC1 inducida por hipoxia es 
mimetizada cuando HIF2α se encuentra activado de manera constitutiva en el pulmón 
de los ratones Vhlfloxed-UBC-Cre-ERT2. De hecho, el número de células epiteliales 
bronquiales rpS6-Ser235/236 se encontraba aumentado en los pulmones de los ratones 
Vhlfloxed-UBC-Cre-ERT2. Sin embargo este efecto no se observa en los ratones 
VhlfloxedHIF2αfloxed-UBC-Cre-ERT2, lo cual indica que HIF2α media esta activación de 
mTORC1 en el epitelio pulmonar. A continuación quisimos analizar la expresión del 
gen codificante para Slc7a5 en estos pulmones. Como se observa en la Figura 28A y 
B, los niveles de ARNm de este transportador se inducen notablemente tanto en los 
pulmones expuestos a bajas concentraciones de O2 como en los ratones Vhl
floxed-UBC-
Cre-ERT2 con el gen Vhl delecionado, pero no así en los ratones VhlfloxedHIF2αfloxed-
UBC-Cre-ERT2. La especificidad del papel de HIF2α en este efecto queda demostrada 
al comprobar que la expresión de la fosfoglicerato quinasa 1 (Pgk1), un gen 
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ampliamente reconocido como dependiente de HIF1α in vivo (Rankin et al., 2007), no 
se encuentra disminuida en los ratones VhlfloxedHIF2αfloxed-UBC-Cre-ERT2 (Figura 28C). 
Estos datos indican que tanto las bajas tensiones de O2 como la inducción de HIF2α 
provocan la activación de mTORC1 y aumentan la expresión de SLC7A5 en el pulmón 
simultáneamente y, lo que es más importante, definen un escenario hipóxico en el que 
se potencia la activación de mTORC1 en lugar de la represión observada en otros 
escenarios hipóxicos. 
 
Figura 27. Expresión génica de Vhl y HIF2α y de los niveles proteicos de HIF1α y 
HIF2α en pulmón tras la inactivación génica de Vhl. (A) Expresión relativa de los 










 (n=5) y sus correspondientes controles (n=6), 
normalizada a la expresión de Hprt. Se muestra la media; las barras de error 
representan el SEM. *p<0,05; ***p<0,01. (B) Se analizaron extractos proteicos de los 
pulmones mediante Western blot para la detección de HIF1α, HIF2α y actina como 
control de carga. 












Figura 28. Expresión de Slc7a5 dependiente de hipoxia y de HIF2α en el pulmón. 
Análisis mediante RT-PCR cuantitativa de los niveles relativos de ARNm del gen Slc7a5 
en los pulmones de ratones sometidos a normoxia (N; n=7) o hipoxia (Hx; n=6) (A) y 











 (n=5) y sus correspondientes controles (n=6), normalizada a la expresión de 
Hprt. Se muestra la media; las barras de error representan el SEM. *p<0,05; **p <0,01; 
***p<0,001. 
 
La activación constitutiva de HIF2α también ha sido asociada a signos de 
proliferación celular en el tejido hepático in vivo (Kim et al., 2006b). Quisimos por tanto 
finalmente investigar si HIF2α también era capaz de producir la activación de mTORC1 
en este tejido. Utilizando el mismo sistema in vivo descrito anteriormente para los 
estudios en pulmón, encontramos que tras la deleción de Vhl en los ratones Vhlfloxed-
UBC-Cre-ERT2 se detectaba una elevación de los niveles proteicos de HIF2α, mientras 
la expresión de HIF1α se inducía más modestamente (Figura 29). Como era previsible, 
al inactivar simultáneamente Vhl y HIF2α en los ratones VhlfloxedHIF2αfloxed-UBC-Cre-
ERT2 (Figura 30), los niveles de HIF2α se hacían prácticamente indetectables, 




Figura 29. Dependencia de la actividad de mTORC1 de la expresión de HIF2α en 











 y sus respectivos controles y se 
evaluó la expresión de HIF2α, HIF1α y el estado de fosforilación y proteína total de las 
dianas de mTORC1 4EBP1 y p70-S6K. 
 
 
Figura 30. Expresión génica de Vhl y HIF2α en hígado tras la inactivación génica de Vhl. 











 (n=6) y sus correspondientes controles 
(n=6), normalizada a la expresión de Hprt. Se muestra la media; las barras de error representan 
la SEM. ***p<0,01. 










El análisis por Western blot mostró que los niveles de fosforilación tanto de 
4EBP1 como de p70-S6K, otra diana de mTORC1, se inducían en ratones Vhlfloxed-
UBC-Cre-ERT2 pero no en VhlfloxedHIF2αfloxed-UBC-Cre-ERT2, demostrando el papel de 
HIF2α en la activación de la vía de mTORC1 también en tejido hepático (Figura 29). 
Quisimos además realizar un análisis más detallado de los hepatocitos mediante 
inmunohistoquímica, el cual mostró que las señales basales de rpS6-Ser235/236 (Figura 
31) y de SLC7A5 (Figura 32) se incrementaban tras la inactivación del gen Vhl y que 
este incremento se perdía cuando se inactivaban simultáneamente Vhl y HIF2α. En un 
análisis paralelo observamos que la expresión del ARNm del gen Slc7a5 así como la 
del gen dependiente de HIF1α, Pgk1 (ver más arriba) se encontraba elevada tras la 
inactivación de Vhl. Además, en línea con el papel central de HIF2α en la activación de 
SLC7A5, los ratones VhlfloxedHIF2αfloxed-UBC-Cre-ERT2 no mostraban aumento en la 
expresión de Slc7a5, mientras la expresión del gen Pgk1 se mantenía (Figura 32B).  
 
Figura 31. Dependencia de HIF2α de la activación de mTORC1 en hígado tras la deleción 
génica de Vhl. Se analizaron mediante inmunohistoquímica los niveles de fosfo-rpS6
Ser235/6
 en 










 y los 






Figura 32. Expresión de SLC7A5 y Pgk1 en hígado tras la inactivación génica de Vhl. (A) 











 y los correspondientes ratones 











 (n=6) y sus 
correspondientes controles (n=7), normalizada a la expresión de Hprt. Se muestra la media; las 
barras de error representan la SEM. *p<0,05; **p<0,01;***p<0,01. 
 
En conjunto estos resultados indican que la activación de HIF2α también 
aumenta la actividad de mTORC1 y la expresión de SLC7A5 en el hígado, 
demostrando por tanto que el eje molecular HIF2α-SLC7A5-mTORC1 está presente en 
distintos escenarios biológicos. 
Por lo tanto, nuestros datos indican que HIF2α promueve la activación de 
mTORC1 y la expresión de SLC7A5 en diferentes escenarios tumorales y no 
tumorales y, además, define el pulmón hipóxico como un importante contexto 
fisiológico en el que la hipoxia causa la activación de mTORC1 en lugar de su 
inhibición, como se ha descrito al menos in vitro en otros contextos hipóxicos (ver 
Discusión).  





































La respuesta biológica a las fluctuaciones de O2 ha alcanzado un gran interés 
biomédico ya que es un elemento central en numerosos escenarios patológicos tales 
como la progresión tumoral, la isquemia cardiaca o la patología pulmonar. Una de las 
funciones celulares que es regulada en función del aporte de O2, y que ha sido 
fundamentalmente estudiada en el contexto de la progresión tumoral, es la 
proliferación autónoma de célula. La hipoxia, tradicionalmente estudiada en cultivos 
celulares in vitro y en condiciones relativamente severas de hipoxia, ha sido descrita 
clásicamente como un estímulo inhibidor tanto de la proliferación celular como del 
sensor de aminoácidos mTORC1, lo cual responde al razonamiento lógico de que, en 
ausencia de O2, procesos muy costosos energéticamente como son la síntesis 
proteica (controlada por mTORC1) y la división celular deben ser reprimidos. Estos 
efectos anti-proliferativos son ejecutados fundamentalmente por el factor HIF1α así 
como por mecanismos independientes de la ruta de HIF (Liu et al., 2006). Sin embargo 
varios estudios recientes en sistemas in vivo han revelado que el papel de la hipoxia 
en proliferación celular es más complicado de lo que inicialmente podía anticiparse, 
dado que, sorprendentemente, algunos escenarios hipóxicos desencadenan 
proliferación autónoma celular. 
HIF2α como factor promotor de la proliferación 
Los estudios que han cuestionado el papel de la señalización de la hipoxia 
como represora de la proliferación han surgido de las investigaciones de la isoforma 
HIF2α. De hecho, esta isoforma HIF2α se ha revelado en los últimos años como un 
factor promotor de la proliferación, aunque los mecanismos moleculares involucrados 
(tema principal de este trabajo de tesis) siguen siendo poco conocidos. Las primeras 
evidencias del papel pro-proliferativo de HIF2α surgieron de los estudios en 
carcinomas renales de célula clara (ccRCC) deficientes para VHL, en los que la 
expresión de la isoforma HIF2α favorece un mayor y más rápido crecimiento de las 
lesiones tumorales (Gordan et al., 2007; Mandriota et al., 2002; Raval et al., 2005). En 
el trabajo que presentamos en esta tesis demostramos que la activación de la vía de 
HIF2α en estas células tumorales deficientes para VHL incrementa la actividad de 
mTORC1 mediante la inducción de la expresión del transportador de aminoácidos 
SLC7A5, crítico para su actividad. La caracterización de este mecanismo molecular, 
que interrelaciona HIF2α con el metabolismo intracelular de aminoácidos, proporciona 









una base molecular para explicar el papel pro-tumoral de HIF2α. Además este nuevo 
eje de acción proliferativa HIF2α-SLC7A5-mTORC1, aunque contrasta con el 
históricamente supuesto dogma de la hipoxia como represor de la proliferación celular, 
se contextualiza muy adecuadamente con una serie de estudios, enumerados a 
continuación, que señalan que la activación del sistema HIF (en concreto la isoforma 
HIF2α) también funciona como una señal pro-proliferativa: 
1) Se estima que entre un 60 y un 85% de los mencionados ccRCC deficientes 
para VHL y por tanto HIF2α positivos, presentan mTORC1 en estado activado 
(Pantuck et al., 2007; Robb et al., 2007) y éste además participa en la 
patogénesis, habiéndose de hecho mostrado efectivos para su tratamiento el 
uso de inhibidores de mTORC1 en ensayos clínicos actualmente en fase III 
(Hudes et al., 2007; Motzer et al., 2008).  
2) Se ha descrito que HIF2α promueve la carcinogénesis en estos tumores 
deficientes para VHL en parte a través de su interacción con el oncogen c-Myc, 
que de este modo estabilizaría su dimerización con cofactores adicionales 
(Max, Sp1 o Miz1) incrementando así su actividad transcripcional. Este  papel 
es exclusivo de la isoforma HIF2α y es independiente de su unión a ADN 
(Gordan et al., 2007). Es importante destacar que aunque existen evidencias 
que apuntan a SLC7A5 como un gen c-Myc dependiente (Gao et al., 2009; 
Hayashi et al., 2012), nuestros datos indican que HIF2α se une al promotor 
proximal de SLC7A5 y que esta unión parece fundamental para la inducción de 
su transcripción, por lo que su expresión dependiente de HIF2α no puede 
explicarse mediante el modelo previamente descrito de transactivación de c-
Myc. Independiente de estas diferencias en el mecanismo molecular 
subyacente, el eje molecular descrito en este estudio está en la línea que 
implica a HIF2α como desencadenante de proliferación celular. 
 
3) El complejo mTORC2, que se forma por la interacción de mTOR con la 
proteína Rictor y es también un elemento importante, aunque menos conocido 
que mTORC1, en el control de la proliferación celular, regula la traducción de 
HIF2α (Toschi et al., 2008). Este hecho sugiere que parte de los efectos 
proliferativos ejecutados por mTORC2 podrían ser efectuados por HIF2α, entre 
los que podría situarse el eje molecular descubierto en nuestros estudios de 




4) HIF2α también induce transcripcionalmente otros genes involucrados en 
progresión de ciclo celular, tales como la ciclina D1 (Raval et al., 2005; Wykoff 
et al., 2004). Se ha descrito además la activación por parte de HIF2α del eje 
TGFα-EGF-R, que se encuentra sobreexpresado en los ccRCC y que es en 
parte responsable del crecimiento autónomo en cultivo de estas células y de la 
formación de tumores in vivo (Gunaratnam et al., 2003; De Paulsen et al., 
2001; Raval et al., 2005). Sin embargo esta activación podría ser secundaria a 
la de HIF2α, ya que no se ha demostrado que estas proteínas sean dianas 
transcripcionales primarias de HIF2α como es el caso de SLC7A5. Además los 
efectos de HIF2α sobre estos genes sólo se han descrito en células de 
carcinoma renal y no en otros contextos, por lo que no parecen tan generales 
como lo es el caso de SLC7A5, que responde a la activación de HIF2α en 
diferentes tipos celulares. 
5) HIF2α puede aumentar la actividad de mTORC1 a través del incremento en la 
señalización de factores de crecimiento, ya que puede inducir 
transcripcionalmente la expresión de PDGFβ, IGF1 o el propio TGFα, 
promoviendo la activación de AKT y por tanto de mTORC1. En concreto en el 
caso de TGFα ha sido descrito un mecanismo de actuación autocrino (De 
Paulsen et al., 2001) que podría ser también operativo para el resto de factores 
de crecimiento mencionados.  
 
En conjunto estos estudios apoyan el hecho de que HIF2α puede actuar como 
un factor favorecedor de la proliferación y proporcionan un buen contexto biológico 
para explicar nuestros hallazgos a cerca de HIF2α como activador de mTORC1.  
Hipoxia y mTORC1 
Como ya se ha comentado, nuestros datos suponen un contraste a los efectos 
previamente descritos de la hipoxia como estímulo represor de la actividad de 
mTORC1, vía mecanismos tanto dependientes de HIF1α (a través de la inducción 
transcripcional de genes tales como Redd1 y bNIP3) como independientes de la ruta 
de HIF (a través de la activación de la ruta de la AMPK). Sin embargo consideramos 
que todos estos estudios emplean unos escenarios hipóxicos muy concretos que 
entendemos pueden no reflejar la totalidad de la respuesta a hipoxia. En este sentido, 
es importante considerar que los trabajos que describen la represión de mTORC1 en 









hipoxia han sido desarrollados a partir de estudios realizados en sistemas celulares in 
vitro y en condiciones de hipoxia muy concretas y relativamente severas (0,5-1% O2). 
Por el contrario, en nuestro trabajo se evalúa por vez primera el papel de HIF sobre 
mTORC1 en un contexto in vivo. Y, sorprendentemente, nuestros datos demuestran 
que HIF2α actúa como un factor activador de mTORC1 a través de la inducción del 
transportador de aminoácidos SLC7A5. Es posible que los efectos represores de la 
hipoxia sobre mTORC1, tanto los dependientes de la isoforma HIF1α como los 
independientes de HIF, (i) sean tejido-específicos y por lo tanto no sean operativos en 
ciertos tipos celulares como es el caso del epitelio bronquial; (ii) sean operativos sólo 
en condiciones de hipoxia in vitro o bien (iii) sean contrarrestados por la activación de 
HIF2α en el pulmón ya que esta isoforma es especialmente abundante en el tejido 
pulmonar. En concreto, respecto a los aspectos específicos de célula, es sabido que la 
anoxia o la hipoxia relativamente severa pueden llevar a la activación de la enzima 
AMPK (Liu et al., 2006), aunque no en todos los tipos celulares (Arsham et al., 2003), 
puesto que algunos son capaces de adaptarse a la escasez de O2 y mantener los 
niveles normales de ATP (Wolff et al., 2011). Esta incapacidad  para activar AMPK en 
respuesta a hipoxia se ha descrito por ejemplo para el caso de los fibroblastos 
embrionarios (Wolff et al., 2011) y, a la vista de nuestros datos, quizá tampoco sea 
operativo en células epiteliales del bronquio expuestas a hipoxia. En cualquier caso 
esta variabilidad en función del tipo celular en cuanto a la represión de mTORC1 en 
hipoxia, a través de rutas independientes de HIF, se ha descrito en estudios in vitro 
exponiendo diferentes cultivos celulares a hipoxia. Por lo tanto es necesario investigar 
todavía si las rutas represoras de mTORC1 en hipoxia son operativas in vivo. Otro 
aspecto a tener en cuenta para reconciliar nuestro estudio con el dogma de la hipoxia 
como represora de mTORC1 es la diferencia en la severidad de la hipoxia aplicada 
que, en nuestro trabajo, in vivo, es del 10% O2 en lugar del 1% O2 normalmente 
empleado en los estudios in vitro. Es razonable considerar que estas condiciones de 
hipoxia más suaves no sean interpretadas por la célula como un escenario que 
requiera reprimir mTORC1 ni la proliferación celular, sino que sea un aporte de O2 aún 
suficiente para  promover proliferación celular en escenarios tales como el epitelio 
bronquial. En este contexto, se sabe que la isoforma HIF2α es más sensible a la 
respuesta a hipoxias moderadas que HIF1α, dado que la enzima FIH hidroxila sólo 
débilmente a HIF2α. Se sabe además que la isoforma HIF2α, nuevamente al contrario 
que HIF1α, se expresa abundantemente y es transcripcionalmente activa en lesiones 
neoplásicas de neuroblastoma bien vascularizadas y aparentemente no hipóxicas, así 
como en cultivos celulares mantenidos a concentraciones de O2 fisiológicas del 5%. 
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Podría ser por tanto que las hipoxias moderadas que previsiblemente se producen en 
contextos fisiológicos favorezcan la estabilización de la isoforma HIF2α, que a través 
del mecanismo que proponemos en este trabajo, llevaría a cabo la activación de 
mTORC1. Por el contrario, se podría anticipar (aunque no ha sido demostrado) que in 
vivo una hipoxia más severa tal como la que puede tener lugar en los focos tumorales, 
indujera HIF1α así como señales independientes de HIF, que promovieran la represión 
de la actividad de mTORC1 y de la proliferación celular. En función de nuestros datos, 
proponemos que la activación en hipoxia de mTORC1 en el pulmón vía HIF2α sea 
debida a un aumento en la expresión de SLC7A5 en las células del epitelio bronquial. 
De hecho, datos preliminares de inmunohistoquímica (no publicados) indican un 
aumento de SLC7A5 específicamente en el epitelio bronquial. Esta inducción de la 
expresión de SLC7A5 facilitaría la entrada de los aminoácidos esenciales en las 
células epiteliales del bronquio para promover en ellas la activación de mTORC1. En 
definitiva este eje de acción domina en el pulmón hipóxico frente a otras rutas 
represoras de mTORC1 vía HIF1α o vías independientes de HIF.  
Por otra parte, en un trabajo reciente que muestra tinciones 
inmunohistoquímicas de 160 muestras de cáncer pulmonar de célula no pequeña 
encuentran una correlación significativa en la tinción de SLC7A5, activación de 
mTORC1 y activación de genes dependientes de HIF como es el caso de GLUT1 y 
VEGF (Kaira et al., 2011), lo que plantea un nuevo escenario en el que la hipoxia y la 
activación de mTORC1 ocurren simultáneamente. En estos tumores además es 
común la sobreexpresión de SLC7A5 y es un mal factor pronóstico (Kaira et al., 2009). 
Por lo tanto, estos datos sugieren que el eje molecular HIF2α-SLC7A5-mTORC1 
descrito en el pulmón hipóxico podría ser también operativo en ciertas áreas hipóxicas 
(quizá de hipoxia moderada) en cáncer pulmonar de célula no pequeña.  
Deficiencia de VHL y mTORC1 
Al margen de la situación de hipoxia, otro escenario en el que observamos el 
papel activador de HIF2α sobre mTORC1 a pesar de la activación simultánea de 
HIF1α es en los tejidos deficientes para VHL, que expresan de forma concomitante 
ambas isoformas. En este caso la activación de ambas subunidades HIFα ocurre en 
normoxia, por lo que la posible acción represora in vivo (nunca demostrada) sobre 
mTORC1 de las rutas hipóxicas independientes de HIF no sería operativa en estos 
escenarios (aunque sí potencialmente la de las vías dependientes de HIF1α). Sin 
embargo este supuesto efecto represivo vía HIF1α no se observa ni en los pulmones 









ni en el hígado de los animales modificados genéticamente para delecionar VHL, lo 
cual nos hace plantearnos de nuevo que, como en el caso del pulmón hipóxico 
comentado previamente, o bien HIF1α no es capaz de reprimir mTORC1 en estos 
tejidos o bien que el posible efecto inhibidor es fuertemente contrarrestado por la 
activación de HIF2α. Con respecto a los aspectos específicos de célula en cuanto a su 
capacidad para reprimir mTORC1 (ver más arriba), es también necesario comentar 
aquí que el papel de HIF1α como represor de mTORC1 resulta actualmente 
controvertido. Trabajos anteriores han descrito que la inducción por HIF de Redd1 
(activador del complejo TSC1/2 y por tanto inhibidor de mTORC1) no promueve la 
inactivación de mTORC1 en todos los tipos celulares, y en particular se ha demostrado 
que no es capaz de hacerlo en hepatocitos primarios (Wolff et al., 2011), lo cual 
explicaría el hecho de que HIF1α no contrarreste la activación de mTORC1 vía HIF2α 
en el hígado de los animales deficientes para VHL. Un escenario similar podría 
explicar nuestros datos en los pulmones de estos mismos ratones deficientes para 
VHL, donde HIF2α también promueve la activación de mTORC1 a pesar de la 
presencia de HIF1α. Sorprendentemente el mismo efecto hemos observado en 
nuestro laboratorio en experimentos con fibroblastos murinos embrionarios deficientes 
para VHL, que estabilizan exclusivamente la isoforma HIF1α, en los que tampoco 
ocurre inactivación de mTORC1 (datos no publicados). Por lo tanto, se hace necesario 
reconsiderar en qué contextos in vivo e in vitro HIF1α funciona realmente como un 
represor de mTORC1. 
El caso del carcinoma renal deficiente para VHL es el otro escenario en el que 
se describe en este trabajo la capacidad de la vía HIF2α-SLC7A5 para promover la 
activación de mTORC1, proporcionando la base molecular que explica la importancia 
de la expresión de HIF2α para la progresión de estos tumores. Destacar aquí que un 
30% de los tumores deficientes en VHL carecen de la isoforma HIF1α, con lo cual 
estas células no presentarían ninguna de las rutas represoras de mTORC1 por 
mecanismos dependientes e independientes de HIF1α que venimos comentando en 
esta discusión y que en cualquier caso están aún en debate (ver discusión más arriba).  
Además en algunos de estos tumores que conservan la isoforma HIF1α se ha descrito 
la evolución de mecanismos que impedirían la inhibición de mTORC1 a pesar de la 
expresión de Redd1, como mutaciones inactivantes en TSC1 (Kucejova et al., 2011). 
Este estudio permite también explicar nuestros datos sobre la no inhibición de la 






Figura 33. Descripción de las rutas de señalización que promueven la represión 
(panel izquierdo) o la activación (panel derecho) de mTORC1 en escenarios 
hipóxicos o pseudohipóxicos. Tradicionalmente, a partir de estudios in vitro y en 
hipoxias severas, se ha descrito la hipoxia como un estímulo inhibitorio de la actividad de 
mTORC1 (a través de mecanismos dependientes de HIF1α -vía Redd1- y no 
dependientes de HIF -a través de la enzima AMPK-) y consecuentemente de la 
proliferación. Publicaciones recientes plantean excepciones a estas vías de inactivación 
en determinados tipos celulares o tejidos así como dependientes de la severidad de la 
hipoxia (ver Discusión), explicando situaciones fisiológicas en las que ocurre de forma 
concomitante la activación de la ruta de señalización de hipoxia y la de mTORC1, con la 
consiguiente proliferación celular. 
Otras posibles funciones biológicas del eje molecular HIF2α-SLC7A5-
mTORC1.  
Como acabamos de comentar, en este trabajo demostramos cómo la activación 
de mTORC1 vía HIF2α media proliferación en las células de carcinoma renal 
deficientes en VHL. Inicialmente razonamos que esta ruta de señalización podría 
también mediar la proliferación descrita en hepatocitos de animales deficientes en VHL 









detectada mediante tinción con el marcador de proliferación celular Ki67 (Kim et al., 
2006b). En este mismo sentido, también es conocido el efecto regenerador que tiene 
la inhibición del sensor de O2 PHD1 -vía activación de HIF2α- sobre hígados 
parcialmente hepatectomizados, promoviendo la proliferación de los hepatocitos 
(Mollenhauer et al., 2012). Nuestros propios estudios en hígados deficientes para VHL 
-no sometidos a hepatectomía- indican que el aumento en el número de células 
positivas para el marcador de proliferación celular Ki67 parece corresponderse con la 
presencia de un mayor número de células inflamatorias, que son las que resultan 
marcadas. Por lo tanto podría ser que la proliferación de hepatocitos ocurriera a través 
del eje HIF2α-SLC7A5-mTORC1 de forma exclusiva en el contexto de la regeneración 
tisular. En este sentido, puesto que mTORC1, además de proliferación también media 
crecimiento celular, es razonable pensar que este efecto sea el responsable de la 
hepatomegalia que sí se observa en los ratones deficientes para VHL. También ha 
sido descrita hepatomegalia asociada a la policitemia de Chuvash, una enfermedad 
hereditaria causada por una mutación que reduce parcialmente la actividad de VHL, lo 
que promueve una continua elevación de los niveles de expresión de HIF. Esta 
patología cursa además con un aumento en el tamaño de otros órganos como bazo y 
riñones, habiéndose demostrado con modelos murinos transgénicos que el aumento 
en la hepatomegalia es dependiente de la expresión de HIF2α (Yoon et al., 2010).  
Por otro lado, la activación de mTORC1 en el hígado dirigida por HIF2α podría 
también tener un papel orientado al control del metabolismo hepático, dado que es 
conocida la capacidad de mTORC1 para regular rutas metabólicas en diversos tejidos 
a nivel transcripcional, traduccional y postraduccional. Este es el caso del factor de 
transcripción SREBP-1, cuyo procesamiento postraduccional y consiguiente activación 
es favorecida por mTORC1 a través de p70-S6K1, lo que  promueve que active la 
transcripción de genes implicados en la biosíntesis de esteroles y lípidos y la vía 
oxidativa de la ruta de las pentosas fosfato. También es conocido el efecto potenciador 
de mTORC1 sobre la actividad transcripcional del coactivador de PPARγ, PGC1α, un 
factor nuclear que juega un importante papel en la biogénesis mitocondrial y el 
metabolismo oxidativo (Cunningham et al., 2007). Este control sobre el metabolismo 
que ejerce mTORC1 se refleja en el fenotipo de los ratones transgénicos con 
mutaciones en sus dianas principales p70-S6K1 y 4EBP1. Ambos exhiben profundas 
alteraciones en su metabolismo, que los hacen resistentes a la obesidad en el caso de 
los animales deficientes para p70-S6K1 y propensos a ella en el de los deficientes 
para 4EBP1. En línea con el papel metabólico de esta activación de mTOCR1 
dependiente de HIF2α, es necesario mencionar que HIF2α se ha identificado como un 
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factor controlador de la ingesta alimenticia cuando se estabiliza en las células POMC 
del hipotálamo. Esta estabilización se debe a la inhibición química de los sensores 
PHDs por el acúmulo de metabolitos derivados de la glucosa durante la ingesta: 
piruvato, oxalacetato (Lu et al., 2005), fumarato y succinato (Zhang et al., 2011). Su 
activación promueve en estas células la transcripción del gen Pomc, una molécula 
clave en el control de la ingesta y el balance del peso corporal. Estas células POMC 
también responden a la cantidad de aminoácidos extracelulares tras la ingesta y por lo 
tanto podría especularse con el hecho de que esta activación de HIF2α pudiera 
controlar su respuesta al aporte aminoacídico vía SLC7A5. 
Por otro lado, a pesar de que la proliferación de la mayoría de las células 
cancerosas depende de la señalización por mTORC1, se sabe que su activación 
mantenida bajo condiciones de estrés, como la deprivación de glucosa en MEFs 
deficientes para TSC1/2 (Lee et al., 2007) o la hipoxia en una línea celular de 
fibroblastos deficientes para el gen ATM (Cam et al., 2010) conduce a muerte por 
apoptosis mediada por p53. Igualmente se ha descrito en un trabajo reciente que 
MEFs deficientes para TSC2 sometidos a la compleja mezcla de los estreses propios 
de un tumor (deprivación simultánea de suero, O2 y glucosa) producen una respuesta 
a proteínas mal plegadas (UPR, Unfolded Protein Response) exacerbada que les lleva 
a la muerte celular. HIF2 se ha descrito como un factor que favorece el crecimiento 
tumoral en numerosos escenarios como es el caso del carcinoma renal (Kondo et al., 
2003; Maranchie et al., 2002; Raval et al., 2005), pero también se han descrito en 
ciertos tipos tumorales como las células de glioma un papel inhibidor del crecimiento 
tumoral debido a un aumento de apoptosis (Acker et al., 2005). Por lo tanto la 
activación de mTORC1 por HIF2 no tiene por qué desembocar exclusivamente en 
crecimiento tumoral (como en el caso del ccRCC), sino que podría resultar también en 
una maladaptación celular y apoptosis vía HIF2α en determinados contextos tumorales 
(como el glioma) pero este aspecto necesitaría ser evaluado utilizando, entre otros 
abordajes, el silenciando específico de SLC7A5 en estos tipos tumorales.  
SLC7A5 y cáncer 
Existen numerosos transportadores de aminoácidos cuya sobreexpresión ha 
sido descrita en diversos tipos de cáncer y que se ha demostrado además importante 
para el crecimiento tumoral. Este aumento en su expresión ocurre en respuesta a la 
enorme demanda de nutrientes que tienen las células proliferantes para la generación 
de la biomasa necesaria para su división. Tiene sentido por tanto, dado el papel pro-









tumoral de HIF2α en varios contextos tumorales, que este factor de transcripción 
incluya dentro de su acción génica la inducción de alguno de estos transportadores. El 
presente trabajo es el primero en describir la regulación transcripcional por parte de 
HIF2α del intercambiador de aminoácidos SLC7A5, cuya función es clave para la 
actividad de mTORC1, y cuya inducción media la progresión tumoral, dado que el 
silenciamiento de su expresión en las células 786-O deficientes en VHL conduce a una 
pronunciada supresión de su capacidad para formar tumores. Es interesante 
mencionar que el silenciamiento de la expresión de SLC7A5 no altera la proliferación 
in vitro de estas mismas células cuando se cultivan en condiciones normales de 
nutrientes (datos no mostrados). Estos mismos resultados han sido descritos en un 
trabajo anterior desarrollado en líneas de cáncer de ovario humano - SKOV3 e 
IGROV1- en las que el silenciamiento de este transportador tampoco afectaba a su 
proliferación in vitro pero sin embargo reducía fuertemente la capacidad para la 
formación de colonias. Igualmente, células 786-O en las que se apaga la expresión de 
HIF2α sólo ven afectada su capacidad de formación de tumores pero no su 
proliferación in vitro, lo cual indica que el papel promotor de la proliferación de HIF2α 
sólo se manifiesta en microambientes tumorales en los que el aporte de aminoácidos 
está fuertemente disminuido (Reid et al., 2013). Nuestros datos refuerzan esta idea ya 
que demuestran que la expresión de SLC7A5, dependiente de HIF2α, es crítica para la 
proliferación de las células 786-O en el contexto intratumoral, y que la ventaja 
proliferativa que supone su inducción sólo se pone de manifiesto en condiciones en las 
que la disponibilidad de aminoácidos se encuentra limitada, como ocurre en el 
microambiente tumoral. Por lo tanto, nuestros resultados muestran que la vía de 
activación de mTORC1 aquí descrita (a través del eje HIF2α-SLC7A5) no es un factor 
limitante en situaciones en las que el suministro de aminoácidos es abundante, pero sí 
resulta esencial para mantener la actividad de mTORC1 en escenarios de baja 
disponibilidad de estos nutrientes, en los que las células que induzcan SLC7A5 podrán 
captarlos mejor. Es importante considerar además que la cantidad de aminoácidos 
presente en los medios de cultivo no sólo es superior a la del ambiente intratumoral 
sino que también es mayor que las concentraciones encontradas habitualmente en 
plasma. Por tanto el aporte de aminoácidos a cualquier tejido bien perfundido podría 
también estar en cierta medida limitado cuando se compara con los medios normales 
de cultivo (Bertout et al., 2008). Por lo tanto la activación de SLC7A5 in vivo en hígado 
y pulmón favorecería la activación de mTORC1 como hace en el caso de las células 
de carcinoma renal. Además de los datos preclínicos mencionados, es relevante 
destacar que el análisis de muestras humanas de pacientes con carcinomas renales 
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de célula clara deficientes para VHL muestra una clara sobreexpresión del 
transportador SLC7A5, poniendo de relevancia el valor clínico del eje HIF2α-SLC7A5-
mTORC1. 
Nuestro estudio es uno de los pocos en abordar directamente el papel 
molecular de SLC7A5 en la progresión tumoral. Otros trabajos han descrito la 
participación de SLC7A5/SLC3A2 y ASCT2 en un complejo asociado a la activación 
metabólica y marcador pronóstico de un amplio número de tumores, el complejo 
CD147-CD98 (Weidle et al., 2010; Xu and Hemler, 2005). Dicho complejo también 
incluye los transportadores de monocarboxilatos MCT1 y MCT4, la molécula de 
adhesión de célula epitelial EpCAM, reguladora de la proliferación celular y la proteína 
CD147, que actúa conduciendo a MCT1 y MCT4 a la superficie celular. Este complejo 
por tanto captaría aminoácidos esenciales a través de SLC7A5 al mismo tiempo que 
expulsaría el lactato acumulado por la glicolisis a través de MCT1 y MCT4, 
coordinando el transporte de los distintos metabolitos para satisfacer las necesidades 
metabólicas y las señales de supervivencia de las células tumorales. Además también 
ha sido demostrado otro mecanismo adicional por el cual la cadena pesada SLC3A2 
del heterodímero, promueve la expresión en membrana del transportador de glucosa 
GLUT1 y contribuye por tanto no sólo a la regulación del metabolismo de aminoácidos 
sino también al de la glucosa (Ohno et al., 2011). Por lo tanto la inducción de SLC7A5 
por HIF2α podría repercutir en transportadores de otros metabolitos con los que se 
asocia y entender que HIF2α pudiera impactar en el transporte de otros metabolitos 
indirectamente vía HIF2α. 
Regulación de SLC7A5 
Como ya se ha mencionado, la expresión del transportador de aminoácidos 
SLC7A5 está aumentada en numerosos cánceres humanos, incluidos los carcinomas 
renales de célula clara deficientes para VHL analizados en el presente trabajo, y está 
implicado en el crecimiento celular y la supervivencia de numerosas líneas celulares 
cancerígenas. Sin embargo el mecanismo molecular implicado en su regulación se 
desconocía. En este trabajo hemos identificado Slc7a5 como un nuevo gen de 
respuesta directa a la regulación transcripcional por HIF2, que puede por tanto 
inducirse tan pronto como HIF2α se estabiliza en las lesiones de ccRCC. Nuestro 
análisis muestra que la unión de HIF2α al promotor proximal de Slc7a5 es específica 
de esta isoforma, ya que no se observa cuando HIF1α se encuentra estabilizado en 
las células WT8 HIF1α(P-A)2. Estudios previos han mostrado que HIF2α, al contrario 









que HIF1α, potencia la transcripción de genes dependientes de c-Myc mediante la 
estabilización de los complejos heterodiméricos c-Myc-Max, un proceso que no 
requiere la unión directa de HIF2α a los promotores de dichos genes. Este efecto 
activador de HIF2 sobre c-Myc ha servido para explicar en parte las propiedades pro-
proliferativas de HIF2α. Existen dos estudios en los que se observa inducción de 
SLC7A5 debida a c-Myc en células P493-6 (Gao et al., 2009) y células MIA Paca-2 
(Hayashi et al., 2012). Nuestros propios datos (no publicados) indican que c-Myc 
puede efectivamente unirse al promotor y que su unión se potencia incluso en 
presencia de la forma HIF2α(P-A)2bHLH*, (sin capacidad para unirse a ADN), datos en 
concordancia con estos estudios previos comentados anteriormente. De hecho uno de 
los dos sitios de unión a ADN que en nuestro trabajo identificamos como un posible 
sitio de actuación de HIF2α tiene una secuencia nucleotídica que coincide con la 
descrita como canónica de las E-box, sitios de unión del factor c-Myc. Sin embargo, 
como mostramos en la Figura 12, HIF2α(P-A)2bHLH* no es capaz de inducir la 
expresión de SLC7A5. Por lo tanto consideramos que este mecanismo de cooperación 
entre HIF2α y c-Myc (aunque parece operativo en el promotor de SLC7A5) no es lo 
suficientemente potente como para justificar la inducción de SLC7A5 vía HIF2α. Por el 
contario, en el presente trabajo mostramos que HIF2α se une a su promotor proximal y 
necesita de un dominio de unión a ADN intacto para promover su inducción. Por lo 
tanto la expresión de Slc7a5 dependiente de HIF2α no puede explicarse mediante el 
modelo de transactivación de c-Myc, sino que parece más similar al caso del gen Oct4,  
descrito previamente como otro caso de unión directa específica de HIF2α a 
secuencias proximales del promotor. Como en el caso de Oct4, esta unión es 
especifica de HIF2α ya que HIF1α no es capaz de unirse a este promotor (Covello et 
al., 2006). A día de hoy estos dos genes constituyen en cierta manera una excepción, 
ya que estudios realizados en otros genes indican que la especificidad de HIF1α o 
HIF2α no reside en sus preferencias de unión a motivos de ADN (Mole et al., 2009; 
Schödel et al., 2011). Quizá todos estos aspectos de especificidad de reconocimiento 
en distintos promotores implican marcas epigenéticas de la cromatina o interacciones 
específicas con factores acompañantes y cercanos a los HRE en cada uno de los 
promotores regulados específicamente por HIF1α o HIF2α. En cualquier caso, aunque 
HIF1α no parece unirse al promotor de SLC7A5, sí parece inhibir moderadamente la 
expresión de SLC7A5 (Figura 12) lo cual podría explicarse por la capacidad de HIF1α 
(contraria a HIF2α)  de desestabilizar la formación de los heterodímeros c-Myc-Max, 





En resumen este trabajo describe un nuevo vínculo entre las vías reguladas por 
los factores de transcripción HIF y la activación de mTORC1 e identifica una nueva 
diana transcripcional y exclusiva de la isoforma  HIF2α, el transportador de 
aminoácidos SLC7A5, como responsable de dicha activación. Con la descripción de 
este eje molecular aportamos las bases moleculares que explican las propiedades pro-
proliferativas y pro-tumorales de HIF2α. Además en el trabajo se definen dos 
escenarios fisiológicos específicos, el pulmón y el hígado, en los cuales HIF2α 
promueve la activación de mTORC1, en contraste con lo descrito en otros contextos 
biológicos en los que la hipoxia conduce a la inhibición de mTORC1. En conclusión 
nuestros descubrimientos en este campo pueden explicar los efectos protumorales del 
factor HIF2α y ayudar a entender las bases de la proliferación autónoma de célula en 
determinadas situaciones fisiológicas en respuesta a la acción de la hipoxia así como 
nuevos ejes de acción vía HIF2α-mTORC1 implicados en funciones biológicas que no 
estén estrictamente relacionadas con  proliferación celular. 
 
Figura 34. Mecanismo propuesto para la activación de mTORC1 a través del eje HIF2α-
SLC7A5. La activación del factor de transcripción inducible por hipoxia HIF2α induce la 
expresión del transportador de aminoácidos SLC7A5, el cual facilita la activación de mTORC1 
dependiente de aminoácidos, promoviendo la consecuente ventaja proliferativa para la célula. 







































1. El factor HIF2α, pero no HIF1α, activa mTORC1 en células de carcinoma renal 
WT8 y 786-O cuando el aporte de aminoácidos es limitante. 
 
2. Esta inducción de mTORC1 dependiente de HIF2α requiere la inducción 
transcripcional específica del transportador de aminoácidos SLC7A5, un 
reconocido activador de mTORC1. 
 
3. La inducción de SLC7A5 y la consecuente activación de mTORC1 por HIF2α 
requiere su unión a ADN y por lo tanto ocurre mediante la ruta canónica de 
activación de HIF2α. 
  
4. La isoforma HIF2α, pero no HIF1α, se une específicamente al promotor 
proximal de SLC7A5 e induce la activación de su transcripción. 
 
5. HIF2α induce la proliferación de células de carcinoma renal WT8 vía SLC7A5 y 
mTORC1 cuando el aporte de aminoácidos es limitante.  
 
6. La inducción de SLC7A5 vía HIF2α es esencial para el crecimiento de tumores 
generados de células de carcinoma renal 786-O en ratones inmunodeficientes. 
 
7. La expresión de SLC7A5 está aumentada en tumores humanos de carcinoma 
renal deficiente en VHL. 
 
8. HIF2α induce la expresión de SLC7A5 y la activación de mTORC1 en otros 
escenarios in vivo no tumorales donde se activa el sistema de HIF como en 
pulmones e hígado de ratones deficientes en VHL. 
 
9. HIF2α induce la activación de mTORC1 en epitelio bronquial de pulmones de 
ratones expuestos a hipoxia in vivo así como la expresión génica de Slc7a5, lo 
cual plantea un escenario hipóxico fisiológicamente relevante en el que la 
hipoxia no inhibe sino que induce la actividad de mTORC1. 
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Macrophage Oxygen Sensing Modulates Antigen Presentation
and Phagocytic Functions Involving IFN- Production through
the HIF-1 Transcription Factor1
Ba´rbara Acosta-Iborra,2* Ainara Elorza,2* Isabel M. Olazabal,2* Noa B. Martín-Cofreces,*
Silvia Martin-Puig,* Marta Miro´,† María J. Calzada,* Julia´n Aragone´s,*
Francisco Sa´nchez-Madrid,*‡ and Manuel O. Landa´zuri3*
Low oxygen tension areas are found in inflamed or diseased tissues where hypoxic cells induce survival pathways by regulating
the hypoxia-inducible transcription factor (HIF). Macrophages are essential regulators of inflammation and, therefore, we have
analyzed their response to hypoxia. Murine peritoneal elicited macrophages cultured under hypoxia produced higher levels of
IFN- and IL-12 mRNA and protein than those cultured under normoxia. A similar IFN- increment was obtained with in vivo
models using macrophages from mice exposed to atmospheric hypoxia. Our studies showed that IFN- induction was mediated
through HIF-1 binding to its promoter on a new functional hypoxia response element. The requirement of HIF- in the IFN-
induction was confirmed in RAW264.7 cells, where HIF-1 was knocked down, as well as in resident HIF-1 null macrophages.
Moreover, Ag presentation capacity was enhanced in hypoxia through the up-regulation of costimulatory and Ag-presenting
receptor expression. Hypoxic macrophages generated productive immune synapses with CD8 T cells that were more efficient for
activation of TCR/CD3, CD3 and linker for activation of T cell phosphorylation, and T cell cytokine production. In addition,
hypoxic macrophages bound opsonized particles with a higher efficiency, increasing their phagocytic uptake, through the up-
regulated expression of phagocytic receptors. These hypoxia-increased immune responses were markedly reduced in HIF-1- and
in IFN--silenced macrophages, indicating a link between HIF-1 and IFN- in the functional responses of macrophages to
hypoxia. Our data underscore an important role of hypoxia in the activation of macrophage cytokine production, Ag-presenting
activity, and phagocytic activity due to an HIF-1-mediated increase in IFN- levels. The Journal of Immunology, 2009, 182:
3155–3164.
I nflamed and ischemic tissues contain areas of hypoxia or lowoxygen tensions as a consequence of inadequate blood sup-ply. The ability of cells to generate energy in a mitochondri-
al-dependent manner is compromised in a hypoxic environment,
thus undergoing adaptation mechanisms of their metabolism for
survival. This response is mediated through the hypoxia-inducible
factors (HIF)4 (1, 2), which regulate the transcription of genes
involved in different processes such as angiogenesis (vascular en-
dothelial growth factor (VEGF)) (3, 4), glycolysis (glucose trans-
porter type-1 (Glut-1)) (5, 6), and HIF autoregulation (prolyl hy-
droxylases domains (PHDs)) (7). HIF is a basic helix-loop-helix
transcription factor of the Per-ARNT-Sim superfamily composed
of two subunits, namely, HIF- and HIF- (aryl hydrocarbon re-
ceptor nuclear translocator). The HIF complex is modulated in an
oxygen-sensitive manner through the availability of HIF- protein,
which, in the presence of oxygen, is targeted for degradation
through hydroxylation at specific prolyl residues by PHDs (8, 9).
HIF- is then recognized and ubiquitinated by the Von Hippel
Lindau E3 ubiquitin ligase complex for its degradation by the pro-
teasome (10). In contrast, at low oxygen tensions, PHD enzymes
can no longer hydroxylate the HIF- subunit, which is stabilized
and freed to form an active transcription complex with HIF-, and
is able to migrate to the nucleus and to bind to hypoxic response
elements (HREs) within the promoter of specific target genes.
Macrophages play an important role in the innate as well as the
adaptive immune response through their specific functions of
phagocytosis, Ag presentation, cytokine secretion, and tissue re-
modeling. As professional phagocytes, macrophages express a
wide variety of receptors that participate in the phagocytic uptake
of Ags, including those that recognize Ig Fc fragments (mainly
FcRs), and complement activation products such as C3b (CR3,
CR4, CRI) (11, 12). Upon activation, macrophages are induced to
produce cytokines such as IL-12, IL-18, IFN-, TNF-, and IL-1
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(13–20). Through these cytokines macrophages drive an inflam-
matory response by increasing their phagocytic capability. More-
over, these cytokines promote macrophage Ag processing and
presentation and the differentiation and activation of Th1 IFN-
-secreting cells, CTL, and NK cells (21–23). The goal of Ag
presentation is to amplify the signal through T cell cytokine
production and clonal expansion. Ag-loaded presenting cells
(macrophages, dendritic cells, B cells) form stable conjugates
with specific T cells and promote the relocalization of Ag rec-
ognition receptors, cell adhesion, and signaling molecules to the
contact site, forming what has been termed the immune synapse
(IS) (24, 25). During the formation of the IS, the TCR is en-
gaged and activated for the recruitment of different signaling
molecules, such as ZAP70 or linker for activation of T cells
(LAT), the F-actin cytoskeleton is recruited to the contact site
for the stabilization and reorganization of the IS, and the mi-
crotubule-organizing center (MTOC) is reoriented, increasing
the efficient secretion of killing granules and cytokines (25–28).
Previous studies have documented that macrophages are in-
volved in a number of inflammatory diseases such as atheroscle-
rotic plaques, myocardial infarcts, rheumatoid arthritis, wound
healing, bacterial infections, and malignant tumors, in which areas
of hypoxia are present (29, 30). In these areas, macrophages ex-
press HIF protein abundantly and respond rapidly to hypoxia (31,
32). Moreover, HIF-1 is stabilized in macrophages activated by
nonhypoxic stimulus, playing a role in the proper infiltration and
activation of leukocytes during an inflammatory process and me-
diating the bactericidal capacity and the control of pathogen
spreading during infection (31–34). In this work, we have studied
the effect of hypoxia on macrophage functions in the absence of
any other stimuli. We report herein that under hypoxia macro-
phages are able to form efficient IS with increased T cell cytokine
production ability and enhanced phagocytic uptake. Furthermore,
hypoxia increases macrophage IFN- secretion, which is depen-
dent on HIF-1 binding to its promoter on a functional HRE site.
Materials and Methods
Mice
All experiments were performed in 6- to 12-wk-old mice. Mice were
housed and bred in the Animal Unit of the School of Medicine (Univer-
sidad Auto´noma, Madrid, Spain) in a pathogen-free facility. C57BL/6 mice
(H-2b) were used for macrophage isolation. OT-I mice, an H-2Kb restricted
anti-OVA TCR-transgenic mice under a C57BL/6 background, were used
for T lymphocyte isolation (35). Mice with myeloid lineage-specific knock-
out of HIF-1 (HIF-1 flox-LysMCre) have been previously described
(33). Experimental procedures were approved by the Committee for Re-
search Ethics of the Universidad Auto´noma de Madrid and conducted un-
der the supervision of the Universidad Auto´noma de Madrid Head of An-
imal Welfare and Health in accordance with Spanish and European
guidelines.
Cell culture
Peritoneal thioglycolate-elicited macrophages depleted of granulocytes
were isolated by adhesion to tissue culture plates and several washes.
CD8 T cells were isolated from spleen and lymph nodes and were de-
pleted from other populations using the AutoMACS magnetic sorter. Mice
macrophages and T cells were maintained in RPMI 1640 medium with
GLUTAMAX-I (Invitrogen) and RAW264.7 and J774A.1 cells were
grown in DMEM (Cambrex). Both media were supplemented with 100
U/ml penicillin, 100 g/ml streptomycin, and 2 or 10% FCS (Cambrex),
respectively. Cells cultured in normoxia were incubated in the present or
absence of 10 ng/ml LPS (Sigma-Aldrich) during 40 h. Dimethyloxalyl-
glycine (DMOG) was purchased from BIOMOL.
Hypoxic conditions
The cells were routinely cultured in 21% O2 and 5% CO2 (normoxic con-
ditions). To expose the cells to hypoxia, they were placed in an in vivo 400
hypoxia Work Station (Ruskinn Technology) that was infused with a mix-
ture of 1% O2, 5% CO2, and 94% N2 (S.E. Carburos Metalicos). For in vivo
assays, mice were injected, when needed, with thioglycolate for 4 days,
then exposed either to 21% (N) or 13% for 1 h and then 7.5% oxygen levels
(Hx) for 40 h before macrophage isolation. Macrophages were isolated by
peritoneal lavage and by adhesion to tissue-cultured plates.
Macrophage cytokine secretion and activation markers
For cytokine synthesis and secretion analysis, IL-12 and IFN- were de-
tected by quantitative PCR (oligonucleotides in Table I) and by ELISA
with BD Biosciences Abs at different time points under hypoxia exposure.
For assessment of surface molecule expression on macrophages, cells were
processed 40 h after hypoxia exposure with a cell dissociation buffer (Life
Technologies). Cells were stained for CD11b, CD32/16, MHC class I (H-
2b), and MHC-II (I-A, I-B) using FITC-labeled Abs and for CD18, CD40,
CD86, and F4/80 using biotin-labeled Abs and with allophycocyanin-
streptavidin (BD Biosciences).
Immunoprecipitation and Western blot
Cells were processed with Laemmli buffer, resolved on 10% SDS-poly-
acrylamide gels, and immunoblotted with monoclonal HIF-1 (1/1000;
R&D Systems), polyclonal PHD3 (1/2000; Bethyl Laboratories), or Glut-1
(Santa Cruz Biotechnology). For Ag presentation assays, macrophage and
conjugates were processed for immunoprecipitations and Western blot as
previously described (36) with the following Abs: monoclonal anti-CD3
448 (1/100) (37), monoclonal anti-phosphotyrosine 4G10 Ab (1 g/ml;
Upstate Biotechnology), polyclonal anti-phospho-LAT Y191, and anti-
total LAT (1 and 2 g/ml respectively; Upstate Biotechnology). Immuno-
labeling was detected by ECL (Amersham Pharmacia Biotech) and visu-
alized with a digital luminescent image analyzer (FUJI Film
LAS-1000 CH).
Quantitative real-time (RT)-PCR
Cells were harvested in 1 ml of Ultraspec reagent (Biotecx) and RNA was
reverse-transcribed to cDNA (Improm-II reverse transcriptase; Promega).
The PCR were performed with the LC FastStart DNA master SYBR Green
I kit (Roche Applied Science) and in a Light Cycler system (Roche Applied
Science). Data were analyzed with Light Cycler software version 3.5.28
(Idaho Technology). For each sample, the gene copy number was normal-
ized to the amount of ribosomal mRNA 28S. Primers used in Table I.
Small interfering RNA (siRNA) transfection
RAW264.7 cells were transfected according to the Lipofectamine 2000
(Invitrogen) protocol with 50 pmol of siRNA. HIF-1 siRNA (sc-44225)
and control scrambled siRNA (sc-37007) were from Santa Cruz Biotech-
nology. Macrophage peritoneal cells were transfected following HiPerFect
manufacturer instructions (Qiagen) with 5 nM siRNA: scrambled, HIF-1,
or IFN-. Transfected cells were incubated at 37°C and 5% CO2 under
normoxic or hypoxic conditions for 40 h.
Table I. Primer sequences
No. Target Direction Sequence
1 28S F CAGTACGAATACAGACCG
2 28S R GGCAACAACACATCATCAG
3 HIF-1 F GTTTACTAAAGGACAAGTCACC
4 HIF-1 R TTCTGTTTGTTGAAGGGAG
5 PHD3 F GATGCTGAAGAAAGGGC
6 PHD3 R CTGGCAAAGAGAGTATCTG
7 VEGF F TGCCAAGTGGTCCCAG
8 VEGF R GTGAGGTCTTGATCCG
9 IFN- F TGGCTCTGCAGGATTTTCATG
10 IFN- R TCAAGTGGCATAGATGTGGAAGAA
11 IL-12p40 F CAGATGACATGGTGAAGACG
12 IL-12p40 R GTTGTGGAAGAAGTCTCTCTAGTA
13 IL-18 F AATGGCTGCCATGTCA
14 IL-18 R TCCGTATTACTGCGGTTG
15 IL-10 F CCAAGCCTTATCGGAAATG
16 IL-10 R TGGCCTTGTAGACACC
17 BNIP-3 F GGCGTCTGACAACTTCC
18 BNIP-3 R ACCGCATTTACAGAACAAATTAAC
19 IFN- promoter F ctcgagCCTTGGGTGTGTTGAGTGAA
20 IFN- promoter R aagcttAGGAGAAGCCCAGAACTTCT
21 IFN- mut F CTTGTGAAAATTAGCAATCCCGAGGA
22 IFN- mut R TCCTCGGGATTGCTAATTTTCACAAG
23 IFN- ChIP F CTCATCGTCAGAGAGCCCAA
24 IFN- ChIP R AGGATCAGCTGATGTGTCTT
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Chromatin immunoprecipitation (ChIP)
For the ChIP assays, cells were exposed to hypoxia or normoxia for 6 h.
Cells were processed as previously described (38). For immunoprecipita-
tions, whole rabbit serum (IgG control) and polyclonal anti-HIF-1 anti-
serum (ab2185; Abcam) were used. The PCR primers used are indicated in
Table I.
Generation of plasmid construct
The IFN- promoter region was cloned using the mouse genomic se-
quence: 848 to 22 containing putative hypoxia-inducible regulatory
sequences, which were amplified by PCR (primers in Table I). The PCR
products were cloned into XhoI and HindIII sites of the pGL3 basic lucif-
erase plasmid (Promega). Genomic DNA was used as a template for the
PCRs. The mutant HRE was generated by PCR.
Cell nucleofection and reporter assays
RAW264.7 cells were nucleofected in normoxia following Amaxa nucleo-
fection protocols and 3 h later were exposed or not to hypoxia. The lucif-
erase reporter plasmids used were: Renilla firefly luciferase vector, pGL3-
Luc, pGL3-PHD3-Luc (38), pGL3-IFN--Luc and their mutated constructs
at the HRE core: pGL3-PHD3Mut-Luc and pGL3-IFN-Mut-Luc. After
24 h of hypoxic exposure, cells were harvested and the firefly luciferase
activity was quantified using a dual luciferase system (Promega) in which
the firefly luciferase activity was normalized to the Renilla luciferase
activity.
Ag presentation assays, immunofluorescence staining, and
intracellular cytokine staining
Macrophages cultured under normoxic or hypoxic conditions for 40 h were
loaded or not with 100 ng/ml (1 nM) OVA peptide (257–264, SIINFEKL)
2 h before T cell addition. Then, CD8 T cells (1  106) were added in
normoxia or hypoxia to macrophages during different time points depend-
ing on the assay. Immunofluorescence staining was performed using the
monoclonal -tubulin Ab FITC-labeled (Sigma-Aldrich) or the APA1/1
Ab, which detects the activated conformation of CD3 (39, 40). Intracellular
cytokine T cell staining was performed as described previously by activa-
tion with PMA and ionomycin, inhibition of secretion with brefeldin A,
and staining (41).
Opsonization and phagocytosis assays
Particles used were sheep RBC (SRBC) opsonized in normoxic conditions
as previously described (42) for FcR or CR-mediated phagocytosis using
rabbit anti-SRBC IgG (MP Biomedicals) or IgM Abs (Accurate Chemical)
and C5-deficient serum, respectively. Macrophages cultured under nor-
moxic or hypoxic conditions for 40 h were starved for 2 h and were in-
cubated with opsonized SRBC in a 1:20 ratio during 15 min. Cells were
fixed and stained for Alexa Fluor 488-labeled anti-rabbit Abs (Molecular
Probes) to detect the SRBC and with phalloidin labeled with Alexa Fluor
564 for F-actin staining. Internalized particles appeared big and swollen,
while external particles appeared small and shrunken due to the fixation
process.
Statistical analysis
Data were analyzed by the ANOVA Mann-Whitney U test followed by the
Kruskal-Wallis test. The p values obtained are indicated in the text and
figures.
FIGURE 1. Expression of hypoxia-dependent genes in primary murine
macrophages cultured in hypoxic conditions. A, Western blot analysis of
HIF-1, Glut-1, PHD3, and tubulin in macrophages cultured under nor-
moxia (N), under normoxia with 10 ng/ml LPS (NLPS), or under 1%
oxygen levels (hypoxia (Hx)) for 16 h. Densitometric analysis are repre-
sented as fold inductions compared with normoxia. Protein levels were
normalized to tubulin. mRNA levels of HIF-1 (B), PHD3 (C), or VEGF
(D) in macrophages treated as indicated in A.
FIGURE 2. Increased IFN- and
IL-12 production by macrophages cul-
tured in hypoxia. A, Macrophages cul-
tured under different conditions (as in
Fig. 1) were processed for RNA isolation
and quantitative RT-PCR assays were
performed to quantify IFN-, IL-12, IL-
18, and IL-10 mRNA levels. B, Super-
natants from peritoneal-elicited macro-
phages were recovered and tested by
ELISA for IL-12 and IFN- protein
quantification and (C) for IFN- quanti-
fication in the macrophage cell line
J774A.1. D, mRNA IFN- quantification
from elicited macrophages isolated form
mice exposed in vivo to normoxia or
hypoxia for 40 h. A–D, mRNA and pro-
tein levels are expressed as fold induc-
tions compared with macrophages cul-
tured in normoxia. The arithmetic
mean  SEM from four different exper-
iments is represented (, p  0.05).
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Results
Hypoxia induces macrophage proinflammatory cytokine
production
Macrophages have been involved in inflammatory diseases where
areas of hypoxia are present (29–32) Thus, we assessed whether
hypoxia affected the cytokine production capacity in macrophages.
We first characterized the response of macrophages to hypoxia by
assessing the expression of several hypoxia-responsive genes
(3–7) in peritoneal-elicited macrophages. HIF-1 protein and the
hypoxia-dependent proteins Glut-1 (5, 6) and PHD3 (7) were an-
alyzed by Western blotting and were found to be increased under
hypoxic conditions as compared with normoxia (Fig. 1A). These
proteins were also induced, although at lower levels, in macro-
phages treated with LPS as a control of macrophage activation
(Fig. 1A) (43, 44). HIF-2, another isoform of HIF- (45), was
undetected by Western blot and only detected at very low levels by
quantitative RT-PCR (data not shown). HIF-1 mRNA remained
constant after hypoxia exposure (Fig. 1B). LPS-treated macro-
phages, however, expressed higher levels of HIF-1 mRNA (43,
44). PHD3 and VEGF (3, 4) mRNA levels were induced both in
macrophages under hypoxic conditions as well as in response to
LPS (Fig. 1, C and D). These data indicate that primary macro-
phages respond to hypoxia by inducing hypoxia and HIF-1 tar-
get-dependent genes.
Next, we analyzed whether hypoxia affected the inflammatory
response of macrophages through RT-PCR and ELISA. Our results
indicated that elicited macrophages under hypoxia significantly in-
duced IFN- and IL-12, but not IL-18. However, LPS-treated mac-
rophages induced these three cytokines (Fig. 2A). In contrast, the
anti-inflammatory cytokine IL-10 mRNA was not induced either
by hypoxia or LPS (Fig. 2A). IFN- protein secretion was assayed
in peritoneal-elicited macrophages, and similar effects were ob-
served in resident macrophages or the macrophage cell line
J774A.1 (Fig. 2, B and C, and data not shown). To corroborate
these data, RNA was extracted from macrophages from mice ex-
posed in vivo to hypoxia, and IFN- mRNA was also induced
compared with normoxic mice (Fig. 2D). These results indicate
that hypoxia stimulates macrophages to secrete the proinflamma-
tory cytokines IFN- and IL-12, while IL-10 anti-inflammatory
cytokine levels remained constant, suggesting that the fine modu-
lation of cytokines may be involved in an activatory phenotype of
macrophages under an hypoxic environment.
HIF-1 mediates IFN- production in hypoxia
To determine the involvement of the canonical hypoxia pathway in
the proinflammatory response of macrophages, we used an inhib-
itor of PHDs, DMOG, that stabilizes HIF-1 in normoxic condi-
tions, resembling the HIF-1-mediated response to hypoxia (46,
47). Elicited peritoneal macrophages incubated with 100 M
DMOG increased both mRNA and protein levels of IFN- at 48 h
(Fig. 3A). The direct role of HIF-1 in the induction of IFN- was
also evidenced in macrophages transfected with HIF-1 siRNA
and cultured under hypoxia. A clear reduction was observed in
HIF-1 protein and a significant decrease in IFN- mRNA levels
after interference, compared with macrophages transfected with
scrambled siRNA (siSCR; p  0.05) and to control (mock trans-
fected) (Fig. 3, B and C). Moreover, resident peritoneal macro-
phages isolated from myeloid linage-specific HIF-1 knockout
mice exposed to hypoxia did not induce the transcription of IFN-
nor BNIP-3 (an HIF-1-dependent gene (48, 49)), compared with
macrophages from the corresponding control mice (Fig. 3D). Tak-
ing together, these evidences confirmed that HIF-1 plays an im-
portant role in the hypoxia-mediated production of the IFN-
cytokine.
Consequently, the search for HRE sites within the promoter of
the IFN- gene rendered a putative HRE site conserved among
different mammalian species (Fig. 4A). To ascertain whether this
HRE site was a functional HIF binding site, the in vivo binding of
HIF-1 to the IFN- promoter was tested by HIF-1 ChIP assay
on elicited peritoneal macrophages cultured under normoxic or
hypoxic conditions. Under hypoxic conditions, endogenous
HIF-1 protein bound to HRE within the IFN- promoter, whereas
no binding was observed under normoxic conditions (Fig. 4B).
To assess the functionality of this HRE site, the 848 to 22
sequence from the murine IFN- promoter was cloned in a lucif-
erase reporter expression vector. RAW 264.7 cells were nucleo-
fected and cultured under normoxia or hypoxia for 16 h. The lu-
ciferase expression of this IFN- construct was induced under
FIGURE 3. HIF-1 mediates the IFN- production in hypoxia. A, Ki-
netics of mRNA and protein levels of IFN- in macrophages in normoxia
in the presence or absence of 100 M DMOG or in hypoxia. Results are
expressed as fold induction compared with normoxia (, p  0.05). B and
C, RAW264.7 cells were either mock transfected or transfected with
siRNA for HIF-1 (siHIF1) or its scramble control (siSCR) and incu-
bated under normoxia (N) or hypoxia (Hx). Upper panel, Representative
Western blot analysis of HIF-1 and tubulin as loading control. Lower
panel, Densitometric analyses are represented as fold inductions compared
with normoxia in mock-transfected cells and normalized by tubulin. C,
IFN- mRNA levels are expressed as fold inductions compared with nor-
moxia. D, Resident macrophages isolated from control mice (WT and WT-
LysMCre) or HIF-1 knockout mice (HIF-1 flox-LysMCre) exposed in
vivo to hypoxia. IFN- mRNA levels are expressed as fold inductions of
hypoxia vs normoxia. Data correspond to macrophages pooled from three
different animals for each experimental condition.
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hypoxic conditions (Fig. 4C) compared with normoxic macro-
phages. As a positive control, the PHD3 promoter construct re-
sponded efficiently to hypoxia (Fig. 4C). To confirm that the hyp-
oxia program in macrophages involves the HRE site of the IFN-
promoter, a mutant construct was generated in which the central
conserved ACGT core was mutated to TAGC. A similar PHD3
mutant construct was also used as control (38). These mutant con-
structs were no longer responsive to hypoxia, either in the IFN-
promoter or in the PHD3 promoter (Fig. 4C). Altogether, these
results indicate that the activatory response of macrophages in
hypoxia is directly mediated through HIF-1, which binds to the
new, functional HRE site present in the IFN- promoter.
Hypoxia enhances macrophage expression of Ag-presenting
molecules and the formation of productive IS
Since hypoxic macrophages induce proinflammatory cytokine pro-
duction, we analyzed whether hypoxia affected elicited peritoneal
macrophage functions such as Ag presentation. First, the expres-
sion of costimulatory and Ag presentation molecules was deter-
mined under hypoxic conditions. CD40, CD86, and MHC-I ex-
pression levels were enhanced in hypoxic macrophages compared
with macrophages cultured in normoxia (Fig. 5A). In contrast,
CD80 and MHC-II expression was not induced significantly (data
not shown).
Next, the nature and characteristics of the IS were analyzed in
macrophages cultured under hypoxic conditions. Since MHC-I ex-
pression was significantly up-regulated during hypoxia, we fo-
cused on MHC-I presentation. Thus, macrophages loaded with
OVA peptide257–264 (OVAp) were conjugated with CD8 T cells
from OT-I mice and the number of conjugates formed was deter-
mined. No significant differences were observed in the number of
conjugates formed in normoxic and hypoxic macrophages (data
not shown). T cell activation during IS requires the translocation of
the MTOC for the efficient secretion of cytokines (50). Therefore,
T cell MTOC translocation toward the contact area was analyzed,
showing a high translocation efficiency (70% positive T cells) in
normoxia that was only slightly increased in the T cells cultivated
with hypoxia- and LPS-treated macrophages (data not shown).
Since the number of IS was not altered in response to hypoxia,
we next determined whether hypoxia increased the efficiency of
these IS by analyzing the conformationally active CD3 chain,
staining with the specific Ab APA 1/1 (39, 40). Hypoxic macro-
phages induced a much higher percentage of active TCR/CD3
conformation compared with normoxic macrophages (Fig. 5, B
and C). To further confirm the effect of hypoxic macrophages on
the TCR engagement regulation, different markers of the TCR
proximal activation signals were analyzed. The phosphorylation of
CD3 and of its downstream T cell-specific protein LAT on Y195
residue was assessed. Western blot analyses revealed that in the
presence of OVAp, hypoxic macrophages (Hx) induced stronger
TCR/CD3 and LAT phosphorylation signals, as well as LPS-
treated macrophages (NLPS) compared with normoxic macro-
phages (N; Fig. 5, D and E).
Next, we assessed later events of T cell activation such as cy-
tokine production. T cells conjugated under hypoxia conditions
with macrophages loaded with OVAp (Hx) showed increased
IL-2 and IFN- production compared with T cells conjugated in
normoxia (N; Fig. 5F). To discard a possible effect of hypoxia on
this T cell activation, macrophages cultured under normoxia or
hypoxia were fixed, loaded or not with OVAp, and subsequently
incubated with T cells under normoxia. A similar result was ob-
tained, indicating that OVAp-loaded hypoxic macrophages induce
T cells (normoxic or hypoxic) to produce cytokines more effi-
ciently (supplemental Fig. 1S5).
Taken together, these results indicate that macrophages under
hypoxia induced productive IS, with increased active TCR/CD3
conformation, early signaling events, and proinflammatory cyto-
kine production.
Hypoxia induces the phagocytic activity of macrophages
To further analyze the role of hypoxia on macrophage functions,
macrophage phagocytosis assays were performed on elicited peri-
toneal macrophages. CR (CD11b (M)/CD18 (2))- and FcR
(CD32/CD16)-mediated phagocytosis were assessed as two differ-
ent opsonic phagocytic pathways. Both the binding and the inter-
nalization of differently opsonized SRBC were increased in mac-
rophages cultured in hypoxia compared with macrophages
5 The online version of this article contains supplemental material.
FIGURE 4. HIF-1 binds to a functional
HRE site in the IFN- promoter. A, Blast se-
quence alignment of 1000 bp of the IFN- prox-
imal promoter sequence of different mammalian
species containing the conserved HRE site re-
marked by a box. B, ChIP of the DNA from
primary macrophages cultured in normoxia (N)
or hypoxia (Hx) during 6 h with either anti-
HIF-1 Ab (lanes 1 and 2) or anti-IgG Ab
(lanes 3 and 4); total lysate (input, lanes 5 and
6). C, RAW264.7 macrophage cell line was
nucleofected with constructs expressing the
IFN- or PHD3 promoter containing the wild-
type HRE site (pIFN--Luc, pPHD3-Luc) or a
mutated HRE site (pIFN-Mut-Luc or
pPHD3Mut-Luc). Results are expressed as the
fold induction of relative luciferase units (RLU).
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cultured in normoxia (2.5- to 3-fold and 1.5-fold for CR and FcR,
respectively; Fig. 6, A and B). LPS-treated macrophages, incubated
in normoxia, also showed increased binding and internalization of
opsonized SRBC (Fig. 6, A and B).
To determine whether the increased binding of particles to mac-
rophages, after hypoxia treatment was mediated by regulating the
expression of phagocytic receptors, flow cytometry analyses were
performed. Both receptors CR (CD11b/CD18) and FcR were
FIGURE 5. Macrophages form productive IS more efficiently in hypoxia. A, Cytometric analysis of CD40, CD86, and MHC-I, were performed in
macrophages cultured in normoxia with or without LPS or in hypoxia. Results are expressed as the mean fluorescence intensity (MFI) normalized to
normoxia expression and the mean of five different experiments is represented. B, Conjugates were formed during 20 min between the different cultured
macrophages (as in Fig. 1) and CD8 T cells in the presence of OVAp in normoxia or hypoxia. Conjugates were then fixed and stained: differential
interference contrast (DIC; left panel), MTOC is detected with -tubulin Ab (green), active TCR/CD3 conformation is detected with APA1/1 Ab (red),
merged images (right panel). C, The number of T cells with active TCR/CD3 recruited to the contact site was quantified and expressed as the percentage
of the conjugates formed. Results correspond to arithmetic mean  SEM of four independent experiments (, p  0.01). D, Macrophage/T cell conjugates
were processed and immunoprecipitated with anti-CD3 Ab and immunoblotted for anti-phosphotyrosine residues with 4G10 Ab (upper panel) or for total
CD3 (lower panel) or E, immunoblotted for Y195-phosphorylated LAT (upper panel) or total LAT (lower panel). T cells without macrophages are
represented as No MF. Graphs below D and E show the results of densitometric analysis, presented as the ratio of phosphorylated to total protein bands.
Data are the arithmetic means  SEM of four different experiments (, p  0.05). F, Macrophages were cultured under normoxia with or without LPS
or under hypoxia for 40 h. Conjugates were then formed under the same oxygen conditions for 40 h with CD8 T cells and in the presence or absence
of 100 nM OVAp. T cells were analyzed for the intracellular production of IL-2 (left) and IFN- (right) by flow cytometry (see Materials and Methods).
Data were quantified and expressed as the percentage of positive cells. The mean  SEM of four different experiments is represented (, p  0.05).
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up-regulated during hypoxia, as well as in LPS-treated macro-
phages (Fig. 6, C and D). These results indicate that hypoxia pro-
motes increased binding and internalization of particles by up-
regulating CR and FcR expression levels, thus leading to a more
efficient phagocytosis. Together with the data above, our results
indicate that macrophage functions of inflammatory cytokine pro-
duction, Ag presentation, and phagocytosis are induced upon low
oxygen tensions.
HIF-1 through IFN- is responsible for the hypoxic-induced
increment in productive IS formation and phagocytic activity
Taken into account that HIF-1 regulates IFN- production under
hypoxia exposure, we assessed the direct role of either HIF-1 or
IFN- in the IS response and the phagocytic activity of macro-
phages. Thus, mouse peritoneal-elicited macrophages were trans-
fected with either HIF-1 or IFN- siRNAs, cultured under hyp-
oxia, and their functionality was tested. IFN- siRNA notably
reduced the transcription of IFN- as well as the siRNA to HIF-1
did (85–90% reduction approximately). The effect of HIF-1 in-
terference was also confirmed with an 60% reduction in the
mRNA levels of BNIP-3 (a HIF-1-dependent gene (48, 49)),
compared with macrophages transfected with siSCR in hypoxia
( p  0.05; Fig. 7A). When Ag-loaded macrophages were conju-
gated with CD8 T cells, the recruitment of active TCR/CD3 to
the contact site was assessed. The induction levels in the re-
cruitment observed with the siSCR in hypoxia compared with
normoxia were almost completely lost with HIF-1 or IFN-
interference (Fig. 7B). HIF-1 or IFN- siRNAs also decreased
the CR or FcR phagocytosis hypoxic induction (Fig. 7C).
These data demonstrate that HIF-1-mediated induction of
IFN- in hypoxia is responsible for the increase in macrophage-
dependent IS formation and phagocytic activity.
Discussion
In the present work, we have characterized the inflammatory phe-
notype of macrophages exposed to low oxygen tensions. We have
shown that upon hypoxia macrophages increased the production of
IFN-, which relies on HIF-1 binding to the new, functional HRE
site on the IFN- promoter. Moreover, hypoxic macrophages were
able to form IS and to phagocytose more efficiently than in nor-
moxia and, more importantly, these effects were mediated through
HIF-1 and IFN-.
Our results indicate that macrophages in hypoxia induced an
increment in IFN- and IL-12 mRNA and protein secretion levels,
while the anti-inflammatory cytokine IL-10 mRNA remained con-
stant, suggesting that proinflammatory cytokines may be involved
in the activated phenotype of macrophages. It has long been
thought that only T cells or NK cells were responsible for IFN-
secretion; however, several studies have described a role for mac-
rophages and dendritic cells as IFN--producing cells, in an auto-
crine or a paracrine manner (13–15, 17–20). These results were
also corroborated by the increased IFN- mRNA transcription lev-
els in macrophages from mice exposed in vivo to hypoxia. IL-12
and IL-18 induce macrophages to secrete IFN- (17), but it may
occur that IFN- induces macrophages to secrete more IFN- as
well as IL-12. These cytokines can induce signaling cascades that
FIGURE 6. Phagocytosis through CR and FcR is increased in primary macrophages cultured in hypoxia. A, Phagocytosis assays were performed in
the different cultured macrophages as in Fig. 1, and cells were fixed and stained for F-actin (red, left panel) and for SRBC (green); merged images are shown
in the right panel. B, Particle binding and internalization were quantified by counting 500 macrophages in duplicate per condition in each experiment.
Results are expressed as the percentage of bound or internalized particles in macrophages (see Materials and Methods) cultured under the different
conditions. Results were normalized compared with normoxia and are the mean of six different experiments. C and D, Cytometric analysis of CD11b, CD18,
and FcR were performed as in Fig. 1A. Results are expressed as the mean fluorescence intensity (MFI), normalized to normoxia expression, and are the
mean of five different experiments. B and C, Error bars refer to SEM (, p  0.05). D, Representative overlay histograms comparing normoxia-cultured
macrophages to LPS-treated macrophages (upper histograms) or to hypoxia-cultured macrophages (lower histograms).
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increase the bactericidal capacity after phagocytosis, the costimu-
latory and Ag-presenting molecule expression, as well as the in-
duction of CD8 T cell differentiation to CTLs (21–23, 51). More-
over, our RNA interference data demonstrate that IFN- mediates
the hypoxia-induced increment in the formation of productive IS
as well as the phagocytic binding and uptake.
The hypoxia-inducible transcription factor HIF-1 plays a direct
role in macrophage activation, since RNA interference of HIF-1
correlated with an almost total reduction of the hypoxia-mediated
enhancement of IFN- transcription, and, in addition, resident
macrophages from HIF-1 flox-LysMCre mice were unable to in-
duce IFN- levels. We herein describe a novel mechanism for
HIF-1 involvement in macrophage IFN- production based on
several experimental evidences: 1) the existence of a HRE in the
IFN- promoter conserved among different mammalian species, 2)
HIF-1 binds to the IFN- promoter in vivo, and 3) this promoter
sequence is transcriptionally functional and depends on the HRE
site, since when mutated the transcriptional activity is lost. Other
cytokines secreted by macrophages have promoters that also con-
tain HRE sites, such as TNF-, IL-6, or IL-8 (52, 53); however, for
TNF- and IL-6 it is not known whether these sites are functional.
Since HIF-1 binds to the IFN- promoter at early time points of
hypoxia exposure (6 h; Fig. 4B), but mRNA induction is not de-
tected until 24 h (Fig. 2A), it is conceivable that other hypoxia-
dependent coactivators could be required for its transcription. In
this regard, AP-1 and STAT-4 have been reported to regulate
IFN- transcription, to interact with HIF1- (20, 54, 55), and, in
the case of AP-1, to be activated by hypoxia (56, 57). However, it
is still unknown whether there is any correlation between STAT-4
activation by hypoxia and IFN- transcription. Therefore, hypoxia
through HIF-1 may induce the secretion of different cytokines
that are responsible for the inflammatory phenotype of macro-
phages and the up-regulation of Ag-presenting, costimulatory mol-
ecules and phagocytic receptors.
Macrophages play a key role in innate immunity since they can
recognize, ingest, and destroy pathogens by themselves. Phagocy-
tosis efficiency has been reported to be increased by hypoxia. On
one hand, the bactericidal capacity of macrophages in hypoxia is
increased (33, 58, 59). On the other hand, hypoxia reoxygenation
treatments increased in vivo FcR-mediated phagocytosis (60). In
our model of hypoxic macrophages, we have also found an in-
creased rate of not only FcR phagocytosis, but also CR phago-
cytosis. We observed the up-regulation of the phagocytic receptor
molecules expression on macrophages, CD11b, CD18, and FcR,
which may account, in part, for the increased particle binding de-
tected in our assays. In contrast, other nonopsonized pathogens are
internalized with the same efficiency independently of different
oxygen levels, although it is not known whether the expression of
the phagocytic receptors involved in this particular uptake could be
regulated through hypoxia. Moreover, as stated above, HIF-1
regulation of IFN- is a key event in the phagocytic efficiency
induced by hypoxia.
Our results show that hypoxia, without any other costimuli,
primes macrophages to secrete proinflammatory cytokines and to
present Ags efficiently. In this regard, hypoxia-activated macro-
phages increased the expression of the costimulatory and Ag-pre-
senting molecules CD40, CD86, and MHC-I, which could prepare
the macrophage for a prompt and efficient response. Therefore,
when T cells contact with hypoxia-activated macrophages, in the
presence of a specific Ag, a potent T cell cytokine response is
achieved. These efficient cytokine-producing IS correlate with a
high induction of the TCR/CD3 active conformation, as well as
the tyrosine phosphorylation of the TCR/CD3 chain and of the
proximal TCR signaling molecule LAT. The up-regulation of mac-
rophage costimulatory molecules as well as macrophage cytokine
production (IFN- and IL-12) by hypoxia may explain the en-
hanced Ag-presenting capacity and efficient IS formation.
FIGURE 7. RNA interference of IFN- or HIF-1
inhibits the hypoxia-increased efficiency of IS and
phagocytic activity. A, Mouse-elicited peritoneal mac-
rophages were transfected with siRNA control (siSCR),
siIFN-, or siHIF-1 and incubated in normoxia/hyp-
oxia for 40 h. mRNA levels of IFN- and BNIP-3 after
interference are shown. B, Conjugates were formed dur-
ing 20 min between the different cultured macrophages
(as in Fig. 5), fixed, and stained for active TCR/CD3
conformation with APA1/1 Ab and for -tubulin. The
number of T cells with active TCR/CD3 recruited to
the contact site was quantified and expressed as the per-
centage of the conjugates formed. C, Phagocytosis as-
says were performed, and the percentage of binding and
percentage of internalization were quantified (A–C).
Data are represented as the fold induction of hypoxia vs
normoxia and are the mean  SEM of three experi-
ments (, p  0.01).
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Macrophages can be differently activated through a variety of
stimuli (61). Hypoxia-stimulated macrophages could mimic M1
classically activated macrophages in a similar manner as LPS-ac-
tivated macrophages. In fact, the classical activation triggers proin-
flammatory cytokine secretion, which match our data on the in-
crement of the proinflammatory cytokines IFN- and IL-12,
together with the increase of IL-6, reactive oxygen species and NO
synthesis previously described (53, 59, 62, 63). Therefore, hypoxia
could be acting as a priming step preparing the macrophage for an
active response. In addition to hypoxia, LPS or other inflammatory
signals may act either synergistic or antagonistically inducing fur-
ther activation or inhibition of the macrophage (18, 62, 64), in
particular, in the development of LPS-induced sepsis (53), ather-
oma plaque formation or tissue remodeling. Further studies on
these responses are needed to understand the cross-talk between
the different pathways involved in macrophage modulation.
In summary, our data provide several pieces of evidence indi-
cating that oxygen sensing by macrophages regulates their func-
tions: Ag presentation, phagocytosis, and cytokine production.
More importantly, a mechanism of activation has been proposed,
in which HIF-1 binds to and activates IFN- promoter mediating
IFN- production, which is involved in the acquisition of a mac-
rophage-activated phenotype.
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ABSTRACT: Hypoxia inducible factors (HIF1 and HIF2) have emerged as central regulators of the activity of my-
eloid cells at inflammatory sites where O2 is frequently limited. Novel insights in the field have revealed that the ex-
pression of HIFs by myeloid cells is not exclusively induced by hypoxia but also in response to central inflammatory 
mediators independently of O2 shortage. This has substantially elevated the biological significance of HIFs in the 
context of inflammatory diseases. As a consequence, the loss of HIF1 or HIF2 in myeloid cells specifically compro-
mises some of the processes driven by myeloid cells, such as bactericidal activity and myeloid invasion, as well as 
inflammation-associated detrimental consequences. 
KEY WORDS: hypoxia-inducible factor (HIF), hypoxia, macrophages, inflammation 
ABBREVIATIONS
HIF, hypoxia-inducible factor; TAMs, tumor-associated macrophages; LPS, lipopolysaccharide; PHD, 
prolyl hydroxylase domain; FIH, factor inhibiting HIF; VHL, Von Hippel-Lindau; Glut, glucose trans-
porter; PGK, phosphoglycerate kinase; GBS, group B streptococcus; GAS, gram-positive pathogen group 
A Streptococcus; CRAMP, cathelicidin-related antimicrobial peptide; NO, nitric oxide; iNOS, inducible 
nitric oxide synthase; MHC, major histocompatibility complex; NF-κB, nuclear factor kB; VEGF, vascu-
lar endothelial growth factor; TLR, toll-like receptor; ROS, reactive oxygen species; TNF, tumor necrosis 
factor; acLDL, acetyl low density lipoprotein; SPARC, secreted protein acidic and rich in cysteine
INTRODUCTIONI. 
The normal inflammatory/immune response involves the recruitment of circulating monocytes and neutro-
phils to specific locations, such as bacterial entry sites, intratumoral areas or atherosclerotic plaques. These 
pathological sites are generally associated with abnormal vascularization, which subsequently compro-
mises the O2 supply. Therefore, myeloid cells need to be equipped with mechanisms to cope with low O2 
tensions (hypoxia), while efficiently fulfilling their effector functions.
Oxygen sensing pathways mediated by the hypoxia-inducible factors (HIF1 and HIF2) are essential 
for cellular adaptation to oxygen fluctuations. In this regard, genetic studies have revealed an essential 
role for the HIF pathway in myeloid cell function.1 Here, we will discuss recent insights into the molecular 
mechanisms underlying the role of HIFs in bactericidal activity and sepsis, the role of HIFs in the biology 
of noninfectious (phlogistic) inflammation and tumor-associated macrophages (TAMs) biology, as well 
as the ability of inflammatory mediators to regulate the expression of distinct HIF isoforms expression 
independently of hypoxia.1-3 
Macrophages recruited to inflammatory sites undergo distinct forms of activation in response to cytok-
ines and microbial signals. For example, lipopolysaccharide (LPS) and Th1 cytokines (eg, IFN-γ) induce 
classic macrophage polarization (M1) that is characterized by enhanced intracellular bacterial killing, pro-
duction of NO, tissue destruction and tumor resistance. By contrast, Th2 cytokines as well as other signals 
induce alternative macrophage polarization (M2) mainly oriented toward immunoregulation, tissue re-
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modeling and tumor promotion.4,5 Here we will also 
discuss some recent evidence suggesting possible 
contrasting roles of HIF1 and HIF2 in macrophage 
M1 and M2 polarization.
HYPOXIA-INDUCIBLE FACTORS PATHWAYII. 
Hypoxia-inducible transcription factors (HIF1α, 
-2α, and -3α), prolyl hydroxylase domain proteins 
(PHD1, -2 and -3) and the factor inhibiting HIF 
(FIH) are essential molecular elements in the cel-
lular response to hypoxia.
In normoxia, PHDs and FIH enzymes operate as 
O2 sensors, and they use O2 to hydroxylate prolyl or 
asparagyl residues in HIFα subunits, respectively.6-10 
When critical prolyl residues of HIFα subunits are 
hydroxylated by PHDs, these HIFα subunits are rec-
ognized by von Hippel-Lindau (VHL), a protein in 
the multiprotein E3 ubiquitin ligase complex, which 
marks them for subsequent degradation by the 
proteasome machinery.11,12 FIH hydroxylates a C-
terminal asparaginyl residue in HIF1α that impairs 
its interaction with the p300, a coactivator of HIF1α 
transcriptional activity.13,14 
In conditions of hypoxia, when O2 supply is 
limited, PHDs and FIH do not have enough O2 to 
hydroxylate the prolyl and asparaginyl residues in 
HIFα, resulting in the stabilization of the HIFα sub-
unit and its binding to the p300 coactivator. Subse-
quently, the HIFα isoforms travel to the nucleus and 
associate with the HIFß subunit to form heterodim-
ers, enabling them to enhance the transcription of 
many genes, some of which have critical functions 
in macrophage biology (see below). Importantly, 
PHDs and FIH have a lower affinity for O2 than oth-
er O2-dependent enzymes and, therefore, the PHD/
FIH/HIF system is extremely sensitive to physi-
ological fluctuations in O2.
8-10,15,16 
HYPOXIA-INDUCIBLE FACTORS IN MY-III. 
ELOID CELL BIOENERGETICS 
As mentioned above, myeloid cells are recruited 
to inflammatory sites where hypoxia occurs. Upon 
O2 deprivation, HIF1α stimulates glycolytic flux by 
upregulating the expression of glucose transporters 
1 and 3 (Glut1 and Glut3) and glycolytic enzymes, 
to ensure intracellular ATP is available when O2 is 
limited.17 Indeed, when compared with WT myeloid 
cells, HIF1α-deficient macrophages and neutrophils 
express lowers levels of the glucose transporter 1 
(Glut1) and phosphoglycerate kinase (PGK), re-
lease less lactate and suffer a dramatic drop in the 
intracellular ATP pool.18 These metabolic changes 
are not observed in HIF2α -deficient macrophag-
es,19 consistent with the central role of HIF1 in the 
transcriptional control of glycolytic genes.20 The 
drop in ATP observed in HIF1-deficient myeloid 
cells has an enormous impact on energy-requiring 
myeloid activities such as cell aggregation, inva-
sion and motility.18 Moreover, the capacity to kill 
intracellular pathogens is critically dependent on 
energy intensive processes that require ATP (eg, 
peroxide generation). In this regard, a first study of 
Cramer et al. showed that ATP-independent bacte-
rial engulfment occurs normally in HIF1α -deficient 
macrophages exposed to Group B Streptococcus 
(GBS), whereas their intracellular killing capac-
ity is severely impaired (see below). Recent stud-
ies have also shown that the intracellular ATP pool 
driven by HIF1-induced glycolysis is also used to 
maintain the mitochondrial membrane potential 
and to prevent apoptotic cell death.21,22 However, 
it is important to consider that the role of HIF1 in 
myeloid cell function is not entirely dependent on 
its metabolic functions, and other essential mac-
rophages responses are also directly controlled by 
HIF1 (see below, Fig. 1).
THE ROLE OF HYPOXIA-INDUCIBLE FAC-IV. 
TOR-1 IN PROTECTING AGAINST BACTERIAL 
INFECTIONS
HIF1 Induces Bactericidal Activity in A. 
Macrophages
As mentioned above, bacterial entry sites are as-
sociated with low O2 supply. Indeed, as a surrogate 
marker of hypoxia, pimonidazole staining reveals 
insufficient O2 supply in lesions generated after 
gram-positive pathogen group A Streptococcus 
(GAS) infection.3 Importantly, intracellular killing 
of the gram-negative bacterium P. aeruginosa and 
the gram-positive group A Streptococcus pathogen 
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(GAS) is compromised in HIF1-deficient mac-
rophages.3 By sharp contrast, VHL deficient mac-
rophages, which have constitutively upregulated 
HIF levels, exhibit a heightened capacity for intra-
cellular killing.3 The cell autonomous incapacity 
of HIF1α -deficient myeloid cells to combat intra-
cellular pathogens results in larger necrotic skin le-
sions, as well as greater weight loss when myeloid-
specific HIF1α -deficient mice are subcutaneously 
inoculated with GAS. Moreover, these mice expe-
rience widespread local dissemination of bacteria 
in skin ulcers, as well as in the blood and spleen. 
Therefore, tight control of bacterial dissemination 
requires adequate HIF1 activity in the myeloid 
cells recruited to bacterial entry sites. The role of 
HIF2 in these experimental models has not been 
evaluated and future experiments in myeloid HIF2 
deficient mice will be required to examine its rela-
tive contribution to bactericide activity.
Molecular Mechanisms Downstream of B. 
HIF1 Involved in HIF1-Induced Bactericide 
Activity
Molecular studies exploring the mechanisms under-
lying bactericide activity have revealed that HIF1 
does not regulate the oxidative burst,3 although 
other essential bactericide properties are altered in 
HIF1 deficient macrophages (Fig. 1). Granule pro-
teases, such as neutrophil elastase and cathepsin G, 
are essential phagolysosome serine proteases whose 
role in innate immunity is evident in the phenotype 
of elastase gene KO mice in which host defense 
against gram-negative bacterial sepsis is impaired 
and resistance to endotoxin is enhanced.23 More-
over, a recurrent bacterial infection is associated 
with Chediak-Higashi syndrome (CHS).24 CHS is 
the consequence of homozygous mutations in the 
CHS1 gene, which encodes a protein involved in 
the formation of azurophilic granules that are rich 
in elastase.25  The activity of neutrophil elastase and 
cathepsine G is dramatically reduced in HIF1 de-
ficient neutrophils, and it is significantly elevated 
in VHL-deficient neutrophils. Moreover, HIF1 also 
controls the expression of cathelicidin-related an-
timicrobial peptide (CRAMP), which is constitu-
tively induced in VHL deficient neutrophils and re-
markably elevated by hypoxia in a HIF1-dependent 
manner.3 It is still unknown whether the elastase, 
cathepsine or cathelicidine genes contain hypoxia-
response elements within their respective promoters 
or whether they are indirectly regulated by HIF1.
Furthermore, HIF1 affects the production of 
nitric oxide (NO), which has antimicrobial effects 
against a variety of bacterial species and is a marker 
of classic macrophage M1 polarization3 (see in-
troduction for M1 polarization definition). In this 
regard, nitrite production as well as inducible nitric 
oxide synthase (iNOS) gene expression, in which a 
hypoxia-response element has been identified in its 
promoter,26 are dependent on HIF1 in the myeloid 
lineage in response to GAS. By contrast, HIF2-
deficient macrophages do not exhibit altered iNOS 
expression in response to LPS/IFN-γ,19 suggesting 
that this aspect of intracellular killing is mainly 
controlled by HIF1. Furthermore, a recent study 
showed that the HIF2 isoform controls in thiogly-
collate-elicited peritoneal macrophages the expres-
sion of arginase 1, which reduces the intracellular 
L-arginine pool required to produce NO.27 In fact, 
arginase, which is highly expressed in M2 polarized 
macrophages,28 shuts down the capacity for intrac-
ellular killing, in part by reducing NO production.29 
This could suggest opposite roles of HIF1 and HIF2 
in NO generation and potentially in M1/M2 polar-
ization. However, some controversy exists about 
the relative contribution of HIF2 in the regulation 
of arginase 1, since a recent study has found that 
arginase 1 remains unaltered in HIF2-deficient bone 
marrow-derived macrophages in response to hypox-
ia or IL-4.19 This controversy might be explained by 
the distinct source of primary macrophages used in 
each study, since the study of Takeda et al. shows 
that thioglycollate-elicited peritoneal macrophages 
exhibit higher expression of arginase 1 than bone 
marrow-derived macrophages.27 Furthermore, an-
other essential function of macrophages in fighting 
external pathogens lies in the appropriate antigen 
presentation and T cell recognition. This process 
is also enhanced, at least to some extent, through 
HIF1. Indeed, HIF1 upregulates the expression of 
co-stimulatory and antigen-presenting receptors, 
such as major histocompatibility complex I (MHCI), 
CD40 and CD86, via IFN-γ upregulation (see cy-
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tokines & HIF section below).30 Furthermore, HIF1 
augments the expression of the gene coding for the 
phagocytic solute carrier Slc11a1, which confers 
resistance by inducing the expression of MHCII 
molecules, cytokines and chemokines.31,32 Interest-
ingly, the strength of this effect is more pronounced 
in some particular allelic variations of the highly 
polymorphic Z-DNA-forming microsatellite within 
its proximal promoter.31,32 HIF2 does not contribute 
to MHC-II and CD86 upregulation, which suggests 
that enhanced antigen presentation in response to 
hypoxia is mainly dependent on HIF1.19
The fundamental role of the PHD/HIF system in 
fighting exogenous pathogens generates new oppor-
tunities for pharmacological interventions to combat 
pathogen infection. Indeed, pharmacological inhibi-
tion of PHDs and subsequent HIF activation boosts 
the bactericide capacity of phagocytes.33,34 In mice 
treated with L-mimosine, a PHD inhibitor with no 
recognized antibiotic properties, bacterial progres-
sion is attenuated in an S. aureus skin infection 
model. In this study, this improvement is not related 
to an increase of neutrophil infiltration or the po-
tency of their respiratory burst but, rather, it seems 
FIGURE 1. Regulators of HIF isoforms expression in myeloid cells and biological functions controlled by HIFs in inflam-
mation.
Besides oxygen deprivation that takes place in inflammatory and infectious sites, other non-hypoxic stimuli (such as 
bacteria components as LPS) and some proinflammatory Th1 cytokines, such as IFN-γ can induce HIF1 expression in 
macrophages (red arrows). On the contrary, the Th2 cytokine IL-4 has been shown to induce HIF2 (green arrow). The 
role of Th1 cytokines such as IFN-γ and LPS on HIF2 regulation is still controversial (green dashed line). On the other 
hand, HIF1 increases macrophage microbicidal activity through the control of the expression of granule proteases, 
CRAMP and nitric oxide (NO). Furthermore, HIF1 controls intracellular ATP pool and inflammation associated edema 
(blue arrows). Other essential functions such as cytokine production and invasion capacity are regulated by both HIF 
isoforms. The role of myeloid HIF2 expression in vascular alteration at inflammatory sites (eg, edema) has not been 
explored (blue dashed line).
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to be associated to an extracellular antimicrobial 
activity driven by HIF1.
HIF1 Induces Neutrophil SurvivalC. 
In addition to its bactericide properties, the PHD/
HIF system is critical for neutrophil survival. In-
deed, hypoxia impairs naturally occurring neutrophil 
apoptosis through mechanisms independent of PI3K 
but involving HIF1α-induced nuclear factor -kap-
paB (NF-κB) activity.35 Moreover, neutrophils from 
heterozygous VHL patients have moderate constitu-
tive HIF1α activation, and they are more resistant 
to apoptosis.36 In addition, L-gulono-γ-lactone oxi-
dase (Gulo)-/- neutrophils, which cannot synthesize 
ascorbate (an essential metabolite to sustain PHD 
activity), show an impaired neutrophil apoptosis as-
sociated to HIF1 activation.37 Concerning the role of 
HIF2 in this process, a recent study has shown that 
HIF2 is not detected in neutrophils, suggesting that 
HIF2 does not contribute to neutrophil survival.19
EXOGENOUS PATHOGENS INDUCE HIFS V. 
IN NORMOXIA
Bacterial Infection Induces HIF1 Under A. 
Normal Oxygen Conditions 
HIF1 might be expected to regulate myeloid cell me-
tabolism and bactericide activity exclusively and only 
in the hypoxic areas associated to bacterial entry sites 
and, therefore, would not operate in the well oxygen-
ated areas surrounding these infection sites. However, 
several in vitro studies found that bacteria induce, to 
the same extent as hypoxia, the expression of HIF1 and 
its downstream genes in normoxia (see below). This 
clearly gives more protagonism to HIF1 as a principal 
component in the innate immune response, not restrict-
ing myeloid HIF activity to hypoxic areas. In this re-
gard, two studies of Peyssonaux et al. found that GAS 
induces HIF1α expression to an even greater extent 
level than hypoxia in itself.2,3 This was also observed 
with other gram-positive (Staphylococcus aureus) and 
gram-negative (Pseudomonas aeruginosa and Salmo-
nella typhimurium) bacteria. Moreover, bacillary an-
giomatosis, characterized by lobulated proliferation of 
mainly capillary-sized vessels after Bartonella hense-
lae infection, has been associated to HIF1 activation 
and the subsequent upregulation of HIF1-dependent 
angiogenic genes, such as VEGF-A.38 Moreover, this 
HIF1α activation seems not to be restricted to the pres-
ence of bacteria since infection of cells by the obligate 
intracellular protozoan pathogen Toxoplasma gondii 
also induces HIF1α, which is essential for cell divi-
sion of this parasite.39 In addition, the Epstein-Barr vi-
rus latent membrane protein induces HIF1 synthesis.40 
HIF1α activation has also been found in macrophages 
and dendritic cells, as well as in skin lesions of mice 
infected with Leishmania amazonensis.41,42
Therefore, HIF1 activation does not seem to be 
exclusively restricted to hypoxic areas associated 
with inflammation, but it is also associated with the 
presence of infectious pathogens in themselves, ir-
respective of the O2 supply (Fig. 1).
Molecular Mechanisms Involved in B. 
Bacteria-Induced HIF1 Activation 
Importantly, gram-negative bacteria-induced HIF1 
activation can be mimicked when macrophages are 
incubated with the lipopolysaccharide (LPS) found 
in the outer membrane of gram-negative bacteria.2 
Indeed, LPS potently induces, via its receptor TLR4, 
the expression of HIF1α in WT macrophages, yet 
only minimally in Toll-receptor-4 (TLR4) deficient 
macrophages.3,43,44 Similarly, TLR4-deficient mac-
rophages do not exhibit HIF1 activation in response 
to gram-negative S. typhimurium or P. aeruginosa. 
Moreover, it is notable that HIF1 also increases 
TLR4 expression reflecting the positive feedback 
loop that potentiates the close link between innate 
immunity and HIF1 expression.45 Furthermore, the 
myeloid HIF1α-deficient mice display remarkable 
protection from the symptoms and lethality associ-
ated with LPS-induced sepsis.2 
How can LPS induce HIF1α when oxygen is 
still present? LPS is a well recognized activator of 
the nuclear factor-kappaB (NF-κB) transcription 
factor46 and indeed, LPS induces HIF1α gene ex-
pression in WT macrophages through a functional 
NF-κB DNA binding site in the HIF1α proximal 
promoter.2,46,47 Ultimately, cytokine genes, iNOS 
as well as matrix metalloproteases (MMPs),20 con-
trolled by NF-κB or HIFs, are some lethal media-
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tors in septic shock. The role of NF-κB subunits in 
LPS-induced HIF1 activation is also evident in LPS 
tolerant macrophages that only weakly induce HIF1 
and show increased expression of p52, a NF-κB 
subunit that counteracts p65/p50 NF-κB activation 
of the HIF1α promoter.2,46,47 However, other studies 
have shown that HIF1α upregulation in response to 
LPS may also be independent of NF-κB when medi-
ated by reactive oxygen species (ROS).48,49 More-
over, TLR4 signaling also represses the expression 
of PHD2 and PHD3 oxygen sensors, suggesting an 
effect of LPS on HIF1α stability.2 However, this was 
not evident in a recent study that directly assessed 
HIF1α half-life in response to LPS.27 Bacterial-
induced HIF1α activation has also been linked to 
the inhibition of PHDs/FIH, as invading bacteria se-
quester iron, which is an essential cofactor of these 
enzymes. This mechanism could be especially rel-
evant in M1 polarized macrophages that reprogram 
iron metabolism to favor iron sequestering by the 
reticuloendothelial system.50 Indeed, the applica-
tion of purified siderophores (iron-binding proteins 
of bacterial origin) activates HIF1α.51 In summary, 
bacterial infection induces HIF1-gene expression 
through different strategies in normoxic conditions, 
subsequently inducing a HIF1-dependent bacteri-
cide activity.
THE INTERPLAY BETWEEN CYTOKINES VI. 
AND HIFS AND ITS POSSIBLE ROLE IN MAC-
ROPHAGE POLARIZATION
Cytokine-Regulated Expression of HIF Iso-A. 
forms
As mentioned above, macrophages recruited to in-
flammatory sites are instructed by cytokines and mi-
crobial signals to undergo classic macrophage polar-
ization (M1) or alternative macrophage polarization 
(M2) (see above).4,5,52 M1 polarization is character-
ized by enhanced intracellular bacterial killing and 
tumor resistance, whereas alternative macrophage 
polarization (M2) is characterized by an immuno-
regulatory phenotype and tumor promotion. Studies 
on thioglycollate-elicited peritoneal macrophages 
have shown that HIF1 is induced when macrophag-
es undergo M1 polarization in response to IFN-γ, 
whereas it is not altered when macrophages undergo 
M2 polarization in response to IL-4.27,53 IFN-γ does 
not increase the stability of HIF1α, but rather, it pro-
duces an increase in HIF1 α mRNA levels that may 
involve NF-κB as it has been shown for LPS. The 
fact that NF-κB activation has been associated to 
M1 macrophage polarization in some contexts,54 as 
well as the role of HIF1 in intracellular killing (see 
above), could further suggest a role of HIF1 in M1 
macrophage polarization. 
By contrast to HIF1α, HIF2 is induced when 
macrophages undergo M2 polarization in response 
to IL-4, whereas HIF2 is drastically repressed when 
macrophages undergo M1 polarization in response 
to LPS/IFN-γ. This shift would suggest that HIF1 
and HIF2 fulfill opposite roles in macrophage po-
larization. However, certain controversy exists re-
garding this issue, since it was recently shown that 
LPS/IFN-γ also increases HIF2 expression in TPA-
differentiated U-937 monocyte cell line.19 Probably, 
this observation might simply reflect the distinct 
conditions of the in vitro models employed, and 
thus, future studies should explore the specific con-
ditions leading to HIF2 repression or activation in 
response to M1 and M2 polarization (see additional 
discussion below).
Regulation of Cytokine Production Me-B. 
diated by HIF Isoforms
There is evidence that HIF1-driven NO produc-
tion controls TNF-α gene expression,3 and hence, 
the ability of TNF-α to increase macrophage mi-
crobicidal activity. Thus, HIF1 could help combat 
pathogen infection through hypoxia-induced TNF-α 
expression. In addition to the indirect effects of NO 
on cytokine production, murine peritoneal elicited 
macrophages produce more IFN-γ in response to 
hypoxia, which is mediated by an HRE in the IFN-γ 
proximal promoter.30 The HIF1/IFN-γ axis upregu-
lates the expression of phagocyte receptors that me-
diate opsonized particle binding and phagocytic up-
take. Moreover, IL-1 α as well as IL-1β expression 
is partially dependent on HIF1 activity.2 
However, a recent study on HIF2-deficient my-
eloid cells has revealed that HIF2 is more relevant 
than HIF1 in regulating the expression of some proin-
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flammatory Th1 cytokines (Fig. 1). Myeloid HIF2 
deficient mice exhibit markedly reduced systemic 
serum elevation of IL-1β, IL-12 and TNF-α, and 
they survive longer than WT mice when challenged 
with LPS.19 Furthermore, hypoxia exacerbates LPS/
IFN-γ-induced IL1-β, IL-12 and IL-6 expression via 
HIF2, and indeed, HIF2 can bind directly to the IL-6 
promoter.19 In addition to the role of NF-κB on the 
HIF1 α promoter, HIF isoforms can also control NF-
κB activity under some conditions.48 However, the 
relative contribution of the HIF1-NF-κB pathway 
in the hypoxic induction of some NF-κB-dependent 
genes is not completely understood. 
As mentioned above, HIF1 activity in my-
eloid lineage seems to facilitate M1 polarization 
markers (see above), whereas HIF2 could not 
contribute to this polarization fate. Moreover, the 
ability of Th2 cytokines to induce specifically 
HIF2 expression could suggest a possible role in 
M2 polarization. However, the recognized role of 
the Th1 cytokines IFN-γ, TNF-α, IL-12 and IL-1 
in upregulating macrophage microbicide activ-
ity, as well as the ability of both HIF isoforms to 
regulate the expression of Th1 cytokines, suggest 
that both HIF1 and HIF2 facilitate classical mac-
rophage activation (M1) to combat outside infec-
tious pathogens (see above). This contrasts with 
the proposal that HIF2 could exclusively regulate 
events associated with M2, but not M1, polariza-
tion (see above). This novel information further 
emphasizes the need for future studies to explore 
to which extent HIF1 and HIF2 modify the bal-
ance between M1 and M2 polarization. 
HYPOXIA-INDUCIBLE FACTORS IN NON-VII. 
INFECTIOUS INFLAMMATION 
Myeloid HIF in Cutaneous and Joint In-A. 
flammation Models
In the previous sections we have considered the role 
of myeloid HIF isoforms in combating infectious 
pathogens. However, myeloid cells are frequently 
recruited to other locations where inflammation oc-
curs, albeit in the absence of an overt infection. An 
initial study of Cramer et al. evaluated the role of 
myeloid HIF1 in mouse models of skin inflamma-
tion characterized by edema and massive leukocyte 
infiltration.18 Indeed, an ear inflammation model in 
wild type mice induces skin inflammation and overt 
edema, as well as an increase of ear weight, skin 
CD45 staining and myeloperoxidase activity. All 
these inflammation markers are attenuated in my-
eloid HIF1-deficient mice.18 In accordance with the 
central role of HIFs in this phenotype, these signs 
of inflammation and edema are more aggressive in 
myeloid VHL-deficient mice. Similar data were ob-
tained in a second macrophage-driven model of skin 
inflammation, a skin irritation mouse model associ-
ated with extensive histological signs of edema, in-
filtration and epidermal hyperproliferation in wild-
type mice that is absent in myeloid HIF1-deficient 
mice.18 This anti-inflammatory scenario has also 
been found in a more specific and non-cutaneous 
model of joint inflammation in which the loss of 
myeloid HIF1α expression reduces the gross mani-
festations of ankle swelling and edema, as well as 
the histological signs of cartilage destruction.18 The 
clinical value of these studies is supported by the 
fact that HIF1 is expressed by macrophages in the 
rheumatoid synovium of human patients.55  Overall, 
myeloid HIF1 expression is essential for the inflam-
matory features associated with these non-infection 
inflammation models (Fig. 1).
Impaired leukocyte invasion in these models of 
inflammation can be explained by the central role of 
HIF1 in myeloid cell bioenergetics and the dramatic 
drop of intracellular ATP that compromises the ag-
gregation, invasion and motility of HIF1-deficient 
myeloid cells (see above).18 Moreover, NO causes 
macrophage migration through HIF1α-dependent 
GTPases, Cdc42 and Rac1 stimulation, which could 
to some extent explain the defects in cell motil-
ity of HIF1α-deficient macrophages (see above).56 
Furthermore, hypoxia also controls macrophage 
adhesion by inducing the expression of β2 integrins 
through HIF1.30,57 In terms of the role of HIF1 in 
joint inflammation, the TNF-α converting enzyme 
(TACE) or ADAM17 (that is involved in the release 
of soluble form of TNF-α) is regulated through di-
rect binding of HIF1 to its 5´ promoter region.58 In 
addition, HIFs induce the expression of the proan-
giogenic factor VEGFA that is involved in the for-
mation of edema associated to inflammation. Indeed, 
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myeloid VEGFA-deficient mice do not compromise 
leukocyte infiltration but they have severely reduced 
histological signs of edema,18 indicating that my-
eloid cell-derived VEGFA is essential for vascular 
alterations at inflammatory sites.18 Overall, myeloid 
HIF1 activity plays a substantial role in the tissue 
alterations associated to local phlogistic inflamma-
tion, and future studies will be required to assess the 
role of myeloid HIF2 in these models of inflamma-
tion (Fig. 1).
Myeloid HIF in Ischemic DiseasesB. 
Myeloid cells are recruited on a large scale to isch-
emic areas where tissue perfusion is compromised 
and therefore hypoxia develops. Several studies have 
shown that myeloid HIF expression participates in 
the acute tissue response to ischemia as well as in 
postischemic tissue recovery. Indeed, silencing of 
HIF1α gene expression in hematopoietic stem cells 
impairs neutrophil infiltration into the myocardial 
infarct zone, which can be at least explained by a 
decrease in CCR1, CCR2 and CCR4 gene expres-
sion.59 Moreover, while infarct size is not altered, 
left ventricle remodeling and cardiac function is 
improved suggesting that HIF1 expressing infiltrat-
ing cells have detrimental consequences after acute 
cardiac ischemia.59 In sharp contrast, myeloid HIF1 
expression also appears to have beneficial effects 
on postischemic tissue remodeling. Indeed, the link 
between HIFs and cell adhesion through regula-
tion of β2 integrin expression previously discussed 
above is thought to be involved in bone marrow-
derived angiogenic cells (BMDACs) recruitment to 
ischemic/hypoxic areas.60 The surface receptors of 
BMDACs suggest that they are similar to bone mar-
row myeloid cells although they express higher lev-
els of VEGFR1 and VEGFR2. The HIF-dependent 
increase in cell surface expression of β2 integrins 
on BMDACs has been exploited therapeutically in 
mouse limb ischemia models to facilitate BMDACs 
homing to ischemic areas and facilitate perfusion, 
motor function and limb salvage.60 Furthermore, 
oxygen-induced retinopathy leads to vascular oblit-
eration and subsequent abnormal vessel growth. 
Myeloid progenitors differentiate into microglia and 
promote vascular repair in this model of ischemic 
retinopathy.61 Importantly, myeloid progenitors 
lacking HIF1 expression do not repair these vascu-
lar alterations implicating myeloid HIF expression 
in the vascular remodeling of post-ischemic tissues. 
Therefore, future studies will be necessary to further 
explore the role of myeloid HIF1 in ischemic mod-
els and particularly its relative contribution to acute 
ischemia and postischemia tissue remodeling.
Myeloid HIF in Tumor ProgressionC. 
Immune cells are highly represented in intratumoral 
environments and macrophages are frequently the 
most abundant of these cells. Tumor-associated 
macrophages (TAMs) normally contribute to tumor 
progression and malignancy.62 Indeed, while the cy-
totoxicity of macrophages in the early immune re-
sponse contributes to the death of tumor cells, the 
presence of macrophages has been also correlated 
with a poor prognosis for patients. In this regard, 
TAMs can express markers of M2 polarization, such 
as enhanced expression of anti-inflammatory me-
diators, matrix remodeling proteins, growth factors, 
and CD206 and stabilin-1 scavenger receptors (see 
below). In contrast to proinflammatory M1 mac-
rophages, M2 macrophages reduce the expression 
of cytotoxic mediators and enhance tumor progres-
sion. Indeed, re-programming TAMs toward M1 po-
larization restores their capacity to kill tumor cells.63 
Moreover, HIF1α-/- macrophages were recently 
shown to be unable to induce apoptosis and cyto-
toxicity of tumor-spheroid cells, in association with 
reduced iNOS, TNF-α and IL-6 expression. In addi-
tion, HIF1α represses some M2 polarization mark-
ers such as the mannose receptor (CD206), the mul-
tifunctional scavenger/sorting receptor stabilin-1, 
which mediates the clearance of acLDL and SPARC, 
and the macrophage-scavenger receptor-1.64,65 
Therefore, HIF1 could be responsible for driving 
TAMs toward a cytotoxic M1 polarization fate and 
impairing M2 macrophage polarization. However, 
the possible redirection toward M1 polarization by 
HIF1 seems to be inefficient given that the subset 
of TAMs located in perinecrotic and hypoxic tumor 
areas usually expresses M2 polarization markers.66,67 
Indeed, a recent study in an adenocarcinoma model 
showed that hypoxic TAMs are CD11b+ butwith low 
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expression of MHCII indicative of M2 polarization, 
whereas the majority of CD11b+ MHC-IIhigh TAMs, 
resembling a M1 phenotype, are in normoxic areas 
suggesting that hypoxia could be an environmental 
stimulus that would explain the intratumoral het-
erogeneity of TAMs.66,68 The same study revealed 
that these CD11b+ MHC-IIlow hypoxic TAMs have a 
superior proangiogenic activity.66 Immunohistologi-
cal studies have found a strong HIF2α expression 
in TAMs,69 suggesting that HIF2 could drive M2 
polarization of hypoxic TAMs and therefore con-
tribute to the distinct subsets of TAMs associated to 
tumor microenvironment. Studies in myeloid HIF2-
deficient mice show altered migratory properties of 
HIF2-deficient macrophages that were associated 
with reduced tumor progression in these mice.19 Fu-
ture studies in myeloid HIF1-deficient mice will be 
necessary to assess the relative contribution of both 
HIF isoforms to tumor progression and in particular 
to the generation of different subsets of TAMs.
Hypoxic areas can normally be encountered at 
the inner core of solid tumors when tumor growth 
is not accompanied by an efficient angiogenesis.70 
However, in this hypoxic tumor area angiogenic fac-
tors are produced (eg, VEGFA) via HIF transcrip-
tion factors in an attempt to induce vessel formation 
and to restore the O2 supply to the hypoxic tumor 
area. As mentioned above, TAMs are located in 
intratumoral hypoxic regions,67 and they seem to at 
least partially contribute to VEGFA production by 
the tumor.71 This intratumoral VEGFA production is 
supraphysiological and it over-activates endothelial 
cells, leading to vessel tortuosity and vascular leak-
age, which makes this angiogenic response partially 
effective in counteracting tumor hypoxia. Indeed, 
a recent study showed that VEGFA produced by 
TAMs contributes to vascular dysfunction of the 
tumor. Tumor growth in myeloid VEGFA-deficient 
mice is associated with tumor vessels that are less 
tortuous, with increased pericyte coverage and de-
creased vessel length, indicative of vascular normal-
ization.71 Furthermore, several recent studies have 
shown that attenuation but not complete abrogation 
of VEGFA signaling reduces vessel tortuosity and 
vascular alterations, leading to vascular normaliza-
tion and the alleviation of intratumoral hypoxia.72,73 
Overall, myeloid derived VEGFA is critical for 
vascular dysfunction at these intratumoral sites to 
which myeloid cells are recruited. The strong HIF2 
expression detected in TAMs, as mentioned above, 
suggests that a TAMs derived VEGFA expression 
might be mainly controlled by HIF2. 
Other Inflammatory ScenariosD. 
The role of myeloid HIF1 expression in wound heal-
ing was recently evaluated in myeloid HIF1- defi-
cient mice. The absence of HIF1α in myeloid cells 
accelerates the early phase of secondary intention 
wound healing in vivo, which has been associated 
with reduced NO production, although the precise 
molecular mechanisms remain unknown.74 In addi-
tion, human atherosclerotic plaques represent anoth-
er inflammatory scenario in which hypoxia develops 
and is accompanied by the massive recruitment of 
inflammatory cells.75 Immunohistological analy-
sis detected intense HIF1 and HIF2 accumulation 
at sites of macrophage invasion. Furthermore, the 
hypoxia-inducible transcription factor pathway has 
been associated with progression from early to ad-
vanced atherosclerosis, which also correlates with 
intraplaque angiogenesis.75 In this context, a study 
of carotid plaques in different patients showed that 
15-lipooxygenase-2 (a critical inflammatory ele-
ment) is regulated by HIF1 and strongly expressed 
in intraplaque macrophage plaques.76 There are still 
no genetic studies in mice to explore the relative 
contribution of myeloid HIF1 and HIF2 to athero-
sclerosis, but it seems to be an attractive area of 
study based on the immunohistological information 
currently available.
CONCLUSIONSVIII. 
The biology of HIF has been closely linked to oxy-
gen sensing pathways restricted to hypoxic anatomi-
cal locations in health and disease. However, mo-
lecular studies of inflammation have extended the 
importance of HIF biology since these proteins are 
not only regulated by O2 supply, but also by cen-
tral inflammatory mediators irrespective of the O2 
tension. These studies have clearly elevated the 
biological significance of HIF in inflammation and 
inform us about biological strategies to upregulate 
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HIF1 expression when oxygen is still present. Ge-
netic studies with myeloid HIF1-deficient mice have 
provided substantial insight into the specific func-
tions of HIF in combating pathogens, as well as in 
inflammation (phlogistic) models. The relative con-
tribution of HIF1 and HIF2 in myeloid cell biology 
has begun to be elucidated, although the specific 
contribution of HIF2 in some inflammation models, 
such as bactericide activity, remains unexplored and 
will require further studies. Moreover, the contrast-
ing roles of HIF1 and HIF2 in the regulation of M1 
and M2 macrophage polarization markers highlight 
the distinct biological functions of both isoforms 
in macrophage biology, but their relative contribu-
tion to macrophage polarization fates needs to be 
investigated in more detail. Overall, the role of HIFs 
in inflammation has a significant clinical value for 
pharmacological interventions to counteract the det-
rimental aspects of inflammation associated to HIF 
activation.
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Abstract
Von Hippel Lindau (Vhl) gene inactivation results in embryonic lethality. The consequences of its inactivation in adult mice,
and of the ensuing activation of the hypoxia-inducible factors (HIFs), have been explored mainly in a tissue-specific manner.
This mid-gestation lethality can be also circumvented by using a floxed Vhl allele in combination with an ubiquous
tamoxifen-inducible recombinase Cre-ERT2. Here, we characterize a widespread reduction in Vhl gene expression in Vhlfloxed-
UBC-Cre-ERT2 adult mice after dietary tamoxifen administration, a convenient route of administration that has yet to be fully
characterized for global gene inactivation. Vhl gene inactivation rapidly resulted in a marked splenomegaly and skin
erythema, accompanied by renal and hepatic induction of the erythropoietin (Epo) gene, indicative of the in vivo activation
of the oxygen sensing HIF pathway. We show that acute Vhl gene inactivation also induced Epo gene expression in the
heart, revealing cardiac tissue to be an extra-renal source of EPO. Indeed, primary cardiomyocytes and HL-1 cardiac cells
both induce Epo gene expression when exposed to low O2 tension in a HIF-dependent manner. Thus, as well as
demonstrating the potential of dietary tamoxifen administration for gene inactivation studies in UBC-Cre-ERT2 mouse lines,
this data provides evidence of a cardiac oxygen-sensing VHL/HIF/EPO pathway in adult mice.
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Introduction
The ability of cells to respond to low O2 supply (hypoxia) is
fundamental in numerous pathological scenarios [1]. Hypoxia-
inducible transcription factors (HIF) 1a, 2a and 3a, prolyl
hydroxylase domain proteins (PHDs) 1, 2 and 3 and the von
Hippel-Lindau (VHL) protein are essential molecular elements in the
cellular response to low O2 supply. In normoxia, PHDs hydroxylate
prolyl residues in the HIFa subunits that are then recognized by
VHL, a protein of the multiprotein E3 ubiquitin ligase complex that
marks them for degradation by the proteasome [2,3]. In conditions of
hypoxia O2 is limited and it is insufficient to hydroxylate prolyl
residues in HIFa [4,5]. As a result, these HIFa isoforms are stabilized
and form a heterodimer with the HIFb subunit, promoting the
expression of many genes involved in cellular adaptation to hypoxia
[6]. This includes the expression of erythropoietin (Epo) in the kidney
and liver in order to facilitate oxygen delivery to hypoxic tissues
[7,8,9,10]. Global Vhl gene inactivation in mice, and the ensuing HIF
activation, can be used as a strategy to explore hypoxia signalling in
vivo. However, conventional global Vhl gene inactivation is lethal in
embryos [11], although this can be circumvented by only inducing
Vhl gene inactivation in adult mice.
Widespread and acute gene inactivation in adult mice can be
achieved through the ubiquitous expression of an inducible Cre
recombinase, which can be used to eliminate the Vhl allelic region
flanked by two loxP sites (a floxed Vhl allele). The nuclear activity
of Cre can be induced by fusing it to a mutant form of the human
estrogen receptor (ERT2) that does not recognize its natural ligand
(17b-estradiol) at physiological concentrations but rather, it binds
the synthetic estrogen receptor ligand 4-hydroxytamoxifen (4-HT)
[12]. This Cre-ERT2 is retained in the cytoplasm and only enters
the nucleus in the presence of 4-HT, where it binds to loxP sites of
the corresponding floxed alleles. Like other ubiquitous promoters,
widespread Cre-ERT2 expression can be achieved in mice using
the human ubiquitin C (UBC) promoter (UBC-Cre-ERT2 mice)
[13]. Several means of administering tamoxifen have been
described in rodents, including intraperitoneal injections and
gavage [13]. However, the addition of 4-HT to powdered food or
drinking water is a more convenient and less stressful means of
inducing Cre recombinase activity in adult mice [14,15,16]. While
the administration of tamoxifen via drinking water is hampered by
its poor solubility, its delivery in food has been successfully
achieved in several mouse lines [14,15,16]. However, to date, the
full potential of a tamoxifen diet and its efficacy in inducing global
Cre-ERT2 activity in different organs of a Cre-ERT2 transgenic
mouse line (e.g. UBC-Cre-ERT2 mice) has not been fully explored.
Here we have successfully employed diet-based tamoxifen
administration, a timesaving and convenient mean of delivering
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tamoxifen in order to induce widespread inactivation of the Vhl
gene in a Vhlfloxed-UBC-Cre-ERT2 mouse line. After validating
the efficiency of tamoxifen dietary administration, we character-
ized VHL/HIF oxygen-sensing dependent events that were
rapidly induced by global Vhl inactivation in vivo (within just a
few days) in contrast to other works that have mainly studied the in
vivo consequences of Vhl gene inactivation over several weeks
[17,18]. This study validates the use of the tamoxifen diet in UBC-
Cre-ERT2 mouse lines for global gene inactivation, and it identifies
an oxygen-sensing VHL/HIF pathway controlling extra-renal Epo
gene expression in cardiac tissue.
Results
Postnatal tamoxifen diet-mediated Vhl gene inactivation
Global Vhl gene inactivation results in embryonic lethality, at least in
part due to placental dysfunction [11], preventing the study of the
global loss of this gene in adult mice. We were interested in the short-
term effects of activating the oxygen-sensing HIF pathway in vivo, as a
result of global Vhl gene inactivation in adult Vhlfloxed-UBC-Cre-ERT2
mice through dietary tamoxifen administration. Since the full potential
of dietary tamoxifen administration for global gene inactivation has not
been explored previously, we first validated the efficacy of the
tamoxifen diet in reducing Vhl gene expression in the Vhlfloxed-UBC-
Cre-ERT2 mouse line. Age-matched Vhlfloxed-UBC-Cre-ERT2 as well
as control mice Vhlfloxed and Vhlwt-UBC-Cre-ERT2 were maintained
for 10 days on an ad libitum diet of tamoxifen pellets (containing
400 mg/kg tamoxifen), before they were switched to a diet of normal
chow for a further 10 days and Vhl gene expression was analyzed by
quantitative real-time PCR in the different mouse organs. Hereinafter,
the terms Vhlfloxed, Vhlwt-UBC-Cre-ERT2 and Vhlfloxed-UBC-Cre-
ERT2 refer to mice that have been administered a tamoxifen diet as
indicated above. The tamoxifen diet significantly reduced Vhl gene
expression in the kidney, spleen, liver, skeletal muscle, brown adipose
tissue (BAT), heart, lung and brain of Vhlfloxed-UBC-Cre-ERT2 mice,
reflecting widespread Vhl gene inactivation (Figure 1A). No differences
in tamoxifen intake were observed between Vhlfloxed-UBC-Cre-ERT2
and control mice (Figure 1B). Significantly, gene inactivation was not
homogeneous and expression of the Vhl gene was more strongly
downregulated in the kidney and spleen, and less so in other tissues
such as the brain and lung (Figure 1A). To further validate the
specificity of Vhl gene inactivation, we also quantified Vhl gene
expression in another UBC-Cre-ERT2 system, the Hif1afloxed-UBC-
Cre-ERT2mouse line and their corresponding Hif1afloxed andHif1awt-
UBC-Cre-ERT2 control mice. While there were no significant
differences in tamoxifen intake between the different lines
(Figure 1D), Hif1a gene expression was dramatically and globally
reduced, while Vhl gene expression was not affected in tamoxifen fed
Hif1afloxed-UBC-Cre-ERT2 mice (Figure 1C, E).
As mice were transiently exposed to a different diet, we
evaluated their body weight before and after tamoxifen treatment.
Baseline body weight diminished in a similar way (,10%) in
Vhlfloxed-UBC-Cre-ERT2 and control mice after 10 days on the
tamoxifen diet (Figure 2). However, while the body weight of
control mice returned to pre-tamoxifen levels just one day after
switching back to a normal diet (Figure 2), that was not the case in
Vhlfloxed-UBC-Cre-ERT2 mice following tamoxifen treatment
(Figure 2), suggesting that body weight was rapidly compromised
by Vhl gene inactivation.
Gross appearance of mice shortly after acute Vhl
inactivation
To further evaluate the efficacy of the tamoxifen diet on Vhl
gene inactivation, we studied the biological consequences of acute
Vhl inactivation soon after the mice returned to a normal diet (10
days). We evaluated spleen size and skin erythema as macroscopic
indicators of activation of the HIF oxygen-sensing pathway in vivo
[19]. All tamoxifen-treated Vhlfloxed-UBC-Cre-ERT2 mice ana-
lyzed exhibited marked splenomegaly when compared with
controls (Figure 3 A, B). Moreover, some mice displayed obvious
reddening of their paws and snouts (Figure 3 C, D). These external
signs of skin erythema appeared as early as the ninth day of
tamoxifen administration (data not shown), suggesting that this
phenotype represents an acute manifestation of Vhl gene
inactivation. Overall, these data confirm that dietary administra-
tion of tamoxifen is an efficient and convenient mean to induce
widespread and rapid gene inactivation of floxed alleles in UBC-
Cre-ERT2 mice and in particular, to study the short-term
biological consequences of Vhl inactivation.
Acute Vhl inactivation induces cardiac Epo gene
expression
Splenomegaly and erythema are recognized signs of activation
of the oxygen-VHL/HIF/EPO pathway, and they have been
reported previously in transgenic mice overexpressing EPO
[20,21]. Given that the kidney and liver are the main sites of
EPO production in adults [7,22,23], we investigated Epo gene
expression in these organs in Vhlfloxed-UBC-Cre-ERT2 mice
shortly after Vhl gene inactivation. When we analyzed renal and
hepatic Epo gene expression in tamoxifen-treated Vhlfloxed-UBC-
Cre-ERT2 mice, we found a strong induction of this gene in the
kidney (,200 fold, Figure 4A) and an even stronger increase in the
liver when compared to control mice (Figure 4B). The marked
difference between these two organs is probably due to the very
low basal levels of hepatic Epo gene expression, which results in
more marked differences when Vhl is inactivated. These
differences cannot simply be attributed to differences in Vhl
inactivation, as Vhl is inactivated to a greater extent in the kidney
than in the liver (Figure 1A). Moreover, serum EPO levels were
drastically elevated in tamoxifen-treated Vhlfloxed-UBC-Cre-ERT2
when compared with tamoxifen-treated control mice (pg of EPO/
ml: 150.5622.6 in Vhlfloxed versus 49835.5621586 in Vhlfloxed-
UBC-Cre-ERT2; n=4, p,0.05). These mice showed a remarkable
reticulocytosis. Indeed, the number of circulating reticulocytes as
well as splenic reticulocytes increases in Vhlfloxed-UBC-Cre-ERT2
mice (Circulating reticulocytes x106/ml : 603.926437 in Vhlfloxed
versus 6391.5361381 in Vhlfloxed-UBC-Cre-ERT2; n= 3,
p = 0.018) (Splenic reticulocytes x106/ml : 3266.08 in Vhlfloxed versus
269.0864.4 in Vhlfloxed-UBC-Cre-ERT2; n = 3, p = 0.01). How-
ever, a parallel hemocytometry showed that hematocrit is not
significantly elevated in tamoxifen-treated Vhlfloxed-UBC-Cre-
ERT2 when compared with control mice (hematocrit %:
40.862.02 in Vhlfloxed versus 4365.3 in Vhlfloxed-UBC-Cre-
ERT2; n = 5, p =NS). Furthermore, a follow up of Vhlfloxed-
UBC-Cre-ERT2 mice revealed that they started to show anemia
after a longer time period upon Vhl gene inactivation (hematocrit %:
42.6262.22 in Vhlfloxed versus 33.263.8 in Vhlfloxed-UBC-Cre-
ERT2; n= 7, p= 0.041). In addition, the proportion of Hoechst
33342negative CD71negative cells decrease in the spleens of Vhlfloxed-
UBC-Cre-ERT2 (% of total number of splenic cells: 27.1065.3 in
Vhlfloxed versus 3.2261.25 in Vhlfloxed-UBC-Cre-ERT2; n= 3,
p,0.01). This possibly reflects a specific VHL-dependent effect on
mature red blood cells survival that will be further explored in
futures studies.
In line with other studies, baseline Epo gene expression was
particularly weak in the heart [8], although we found a remarkable
elevation in cardiac Epo gene expression in tamoxifen fed Vhlfloxed-
UBC-Cre-ERT2 mice (Figure 4D). Given that cardiac Vhl
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expression is not fully ablated in tamoxifen-treated Vhlfloxed-UBC-
Cre-ERT2 mice (Figure 1A), we presumed that cardiac Epo gene
expression could be potentially higher if Vhl deletion were more
prominent. Expression of glucose transporter-1 (Glut1), a HIF-
dependent gene [24], was also elevated in the hearts of tamoxifen
treated Vhlfloxed-UBC-Cre-ERT2 mice (Figure 4D). In addition,
Epo gene expression was markedly upregulated in the brain
(Figure 4C), possibly reflecting oxygen-sensing VHL/HIF-depen-
dent EPO production in glial cells, as described previously [25].
Induction of Epo gene expression was stronger in cardiac tissue
than in the brain, perhaps due to the weak basal expression of the
Epo gene in the heart. These data suggest that the oxygen-sensing
VHL/HIF/EPO pathway is not restricted to classical EPO-
producing tissues, and they demonstrate that the heart can express
EPO upon Vhl inactivation. To determine whether cardiomyo-
cytes could be contributing to this VHL-dependent response, Epo
gene expression was analyzed in isolated primary rat cardiomy-
ocytes exposed to low oxygen tension. While weak basal expression
of the Epo gene was observed in normoxic cardiomyocytes,
hypoxia (1% O2) augmented markedly its expression (Figure 5A).
Likewise, Glut1 expression was also induced, which indicates an
effective induction of the HIF pathway in these experimental
conditions (Figure 5B). We further evaluated the role of the HIF
system in hypoxia-induced Epo gene expression in cardiac cells in
the HL-1 cell line, a well-recognized cardiac cell model that retains
a differentiated cardiac myocyte phenotype and maintains
contractile activity [26]. We specifically silenced expression of
Hif1a, the main HIF isoform expressed at RNA level in this
cardiomyocyte cell line (data not shown and Figure 6C). Glut1
expression was induced by hypoxia in control scramble-transfected
HL-1 cells but its expression was markedly attenuated in HL-1
cells transfected with siHIF1a (Figure 6B). Similarly, hypoxia-
induced Epo gene expression was reduced when Hif1a was silenced
in these cells (Figure 6A). These data indicate that hypoxia-
induced Epo gene expression is an autonomous VHL/HIF-
dependent cardiomyocyte response that occurs shortly after
activation of this oxygen-sensing pathway. This response provides
a molecular and cellular explanation for the elevated levels of
cardiac Epo gene expression in Vhlfloxed-UBC-Cre-ERT2 mice.
Discussion
The oxygen-sensing VHL/HIF dependent pathway plays a
central role in cellular adaptation to oxygen fluctuations [27,28].
This role has primarily been explored in mouse models in which
HIF is chronically overactivated following tissue-specific Vhl
inactivation [22,25,29]. Here, we characterize the short-term in
vivo responses following global inactivation of Vhl in the Vhlfloxed-
Figure 2. Body weight during and after tamoxifen diet administration in Vhlfloxed-UBC-Cre-ERT2 and control mice. Body weight of
Vhlwt-UBC-Cre-ERT2 (n = 3), Vhlfloxed-UBC-Cre-ERT2 (n = 6) control Vhlfloxed (n = 6) mice was measured before tamoxifen treatment (TFX 0d), at the end
of 10 days on a tamoxifen diet (TFX 10d) and one day after returning to a normal diet (N +1d). Statistical significance was assessed using a two-tailed
Student’s t-test, (*, p,0.05; **, p,0.01; ns, no significant differences).
doi:10.1371/journal.pone.0022589.g002
Figure 1. Vhl and Hif1a gene expression in tamoxifen-fed Vhlfloxed-UBC-Cre-ERT2 and Hif1afloxed-UBC-Cre-ERT2 mice. (A) Vhlwt-UBC-Cre-
ERT2 (n = 3), Vhlfloxed (n = 6) and Vhlfloxed-UBC-Cre-ERT2 (n = 6) mice were placed on a tamoxifen diet for ten days followed by ten additional days on a
normal diet. Gene expression was assessed by RT-PCR in the tissues indicated, the expression of the Vhl gene was normalized to that of Hprt and it
was expressed as the change relative to Vhlfloxed mice. (B) Tamoxifen intake was measured over the 10 days of tamoxifen administration in Vhlwt-UBC-
Cre-ERT2 (n = 3), Vhlfloxed (n = 6) and Vhlfloxed-UBC-Cre-ERT2 (n = 6) mice. (C,E) Hif1awt-UBC-Cre-ERT2 (n = 4), Hif1afloxed (n = 3) and Hif1afloxed-UBC-Cre-
ERT2 (n = 5) mice were administered tamoxifen as indicated above. Hif1a (C) or Vhl (E) gene expression was normalized to that of Hprt and expressed
as the change relative to Hif1afloxed mice. (D) Tamoxifen intake in Hif1awt-UBC-Cre-ERT2 (n = 4), Hif1afloxed (n = 3) and Hif1afloxed-UBC-Cre-ERT2 (n = 5)
mice was measured as in B. Total intake per day was expressed relative to the body weight at the end of the tamoxifen treatment and the values
represent the mean 6 SEM. Statistical significance was assessed using a two-tailed Student’s t-test, (*, p,0.05; **, p,0.01) when comparing Vhlwt-
UBC-Cre-ERT2 or Hif1awt-UBC-Cre-ERT2 with Vhlfloxed-UBC-Cre-ERT2 or Hif1afloxed-UBC-Cre-ERT2 respectively; (##, p,0.01) when comparing Vhlfloxed or
Hif1afloxed with Vhlfloxed-UBC-Cre-ERT2 or Hif1afloxed-UBC-Cre-ERT2 respectively.
doi:10.1371/journal.pone.0022589.g001
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UBC-Cre-ERT2 mouse line. For this purpose, we employed
dietary administration of tamoxifen, a timesaving and convenient
method of tamoxifen administration to induce Cre-ERT2 activity.
The full potential for global gene inactivation was not previously
explored. Indeed, dietary administration of tamoxifen has been
characterized in mice with specific Cre-ERT2 expression in the
heart, forebrain or in endothelial cells [14,15,16]. However, a
comparative analysis of the efficiency of tamoxifen diet in different
organs to determine its full potential to induce widespread gene
inactivation has not been performed. Moreover, some of these
studies have required several weeks on a tamoxifen diet. Here, we
describe global gene inactivation in UBC-Cre-ERT2 mouse lines
shortly (a few days) after tamoxifen administration.
In this first place, it appears that UBC-Cre-ERT2 is suitable to
produce global gene inactivation in animals fed with a tamoxifen
diet. However, tamoxifen-mediated Vhl gene inactivation was less
pronounced in the Vhlfloxed-UBC-Cre-ERT2 line than Hif1a gene
inactivation in Hif1afloxed-UBC-Cre-ERT2 line, an effect that
could not be attributed to differences in tamoxifen intake. This
differential inactivation may reflect the specific efficacy of the Cre-
ERT2 recombinase to act on the floxed region of the Vhl and Hif1a
alleles. Thus, optimization of the tamoxifen diet may be necessary
to achieve comparable effects in distinct UBC-Cre-ERT2 mouse
lines. Nevertheless, the extent to which Vhl gene expression was
reduced in these mice was sufficient to induce the activation of
oxygen-sensing HIF pathways in vivo. Indeed, macroscopic
Figure 3. Gross appearance of tamoxifen-fed Vhlfloxed-Cre-ERT2 mice. (A) Vhlwt-UBC-Cre-ERT2 (n = 3), Vhlfloxed (n = 9) and Vhlfloxed-UBC-Cre-
ERT2 (n = 10) mice were administered tamoxifen as indicated in Figure 1 and the spleen/body weight ratio was then determined. Statistical
significance was assessed using a two-tailed Student’s t-test (*, p,0.05; **, p,0.01). Representative images of spleens (B), snouts (C) and paws (D) of
Vhlfloxed-UBC-Cre-ERT2 and control Vhlfloxed mice are shown.
doi:10.1371/journal.pone.0022589.g003
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examination of tamoxifen-treated Vhlfloxed-UBC-Cre-ERT2 mice
revealed marked splenomegaly, an indicator of increased activity
of the oxygen-VHL/PHD/HIF sensing pathway, as seen in Phd2
deficient and Phd1:Phd3 double knock-out mice [19]. Tamoxifen-
treated Vhlfloxed-UBC-Cre-ERT2 mice also rapidly show signs of
skin erythema (Figure 3). Indeed, reddening of the paws and
snouts can be apparent as early as the ninth day of tamoxifen
administration (data not shown). This could reflect an increased
blood flow to the skin as a consequence of local HIF-induced nitric
oxide (NO) release and subsequent local vasodilatation as has been
previously shown upon chronic epidermal Vhl deletion [30].
Boutin et al. also show that this increased cutaneous perfusion, as a
consequence of epidermal Vhl gene inactivation, subsequently
reduces liver/skin blood flow ratio leading to elevated hepatic Epo
Figure 4. Erythropoietin gene expression in the kidney, liver, brain and heart of tamoxifen-fed Vhlfloxed-UBC-Cre-ERT2 mice. Vhlwt-
UBC-Cre-ERT2 (n = 3), Vhlfloxed (n = 6) and Vhlfloxed-UBC-Cre-ERT2 (n = 6) mice were administered tamoxifen as indicated in Figure 1. Gene expression
was assessed by RT-PCR in the kidney (A), liver (B), brain (C) and heart (D). The expression of Epo and Glut1 was normalized to that of Hprt and
expressed as the change relative to Vhlfloxed mice. Statistical significance was assessed using a two-tailed Student’s t-test (*, p,0.05; **, p,0.01).
doi:10.1371/journal.pone.0022589.g004
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gene expression [30]. However, the increased hepatic Epo gene
expression observed in tamoxifen-treated VhlfloxedUBC-Cre-ERT2
mice is most likely a consequence of local Vhl gene deletion and
HIF2a activation in liver.
It should be noted that other similar genetic systems have been
developed to achieve inactivation of floxed alleles. Indeed, the
tetracycline-dependent (Tet) system has been used for renal-
specific Cre expression and subsequent inactivation of the
tuberous sclerosis complex-1 (Tsc-1) when doxycycline is admin-
istered in the drinking water [31]. However, some difficulties in
activating this doxycycline-dependent system in certain tissues
have been reported [32,33,34]. By contrast, gene expression is
significantly reduced in all the tissues analyzed from both Vhlfloxed-
UBC-Cre-ERT2 and Hif1afloxed-UBC-Cre-ERT2 mouse lines
exposed to tamoxifen diet.
Tamoxifen-treated Vhlfloxed-UBC-Cre-ERT2 mice have identi-
fied the heart as an additional site of EPO production upon Vhl
inactivation. Indeed, the baseline expression of the Epo gene in the
heart is weak but is elevated dramatically upon inactivation of Vhl
gene expression. Experiments on isolated neonatal rat cardiomy-
Figure 5. Erythropoietin and glucose transporter-1 gene expression in isolated primary cardiomyocytes in response to hypoxia.
Isolated rat cardiomyocyte cultures were subjected to basal normoxic conditions and/or hypoxia (1% O2) for 24 hours. Epo (A) and Glut1 (B)
expression was then analyzed by RT-PCR and normalized to that of Hprt. The data from four independent experiments are expressed as the change
relative to the normoxic values. Statistical significance was assessed using a two-tailed paired t-test (*, p,0.05).
doi:10.1371/journal.pone.0022589.g005
Figure 6. Erythropoietin and glucose transporter-1 gene expression in HL-1 cardiomyocyte cell line in response to activation of the
oxygen-sensing HIF pathway. (A,B,C) HL-1 cells were transfected with a siRNA for Hif1a (siHIF1a) or a scrambled siRNA control (siSCR) and
24 hours after transfection, the cells were exposed to normoxic or hypoxic (1% O2) conditions. The expression of Epo, Glut1 and Hif1a was measured
as described above and the data from three independent experiments are expressed as the change relative to the normoxic values. Statistical
significance was assessed using a two-tailed Student’s t-test (*, p,0.05).
doi:10.1371/journal.pone.0022589.g006
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ocytes revealed that EPO upregulation is an autonomous
cardiomyocyte response to hypoxia that is mediated by the
oxygen-sensing VHL/HIF pathway. This response is also
observed in the HL-1 cardiac cell line, an experimental model
suitable to study EPO production in adult cardiac cells. HL-1 is a
cardiac cell line derived from the AT-1 adult mouse atrial
cardiomyocyte tumor lineage, and these cells retain a differenti-
ated cardiac myocyte phenotype and they maintain contractile
activity [26]. Moreover, erythropoietin production has been
demonstrated after myocardial infarction [35], which on the basis
of our data could be mediated by cardiac HIF activation.
HIF1a gene expression is higher than HIF2a in HL-1 cells,
which may explain the predominant contribution of HIF1a to
hypoxia-induced Epo gene expression in these cardiac cells.
However, the relative contribution of each isoform may differ in
vivo and indeed, immunohistological studies have identified both
HIF1a and HIF2a in cardiomyocytes of mice subjected to
ischemia or atmospheric hypoxia [36,37,38,39,40]. Hif1afloxed
mice expressing Cre driven by myosin light chain 2v (MLC2v)
cardiac promoter (Hif1afloxed-MLC2v-Cre mice) markedly
reduced HIF1a mRNA and protein expression in the heart,
providing genetic evidence of Hif1a gene expression in
cardiomyocytes [36]. Several studies have demonstrated a
critical role for HIF1a in multiple cardiac oxygen-sensing
pathways in vivo [29,36,41]. Thus, HIF1a could potentially drive
cardiac Epo gene expression upon Vhl gene inactivation.
However, HIF2a is the main contributor to HIF-induced Epo
gene expression upon Vhl gene inactivation in the kidney, liver
and glial cells [22,25,42,43]. Further studies will therefore be
required to assess the relative contribution of these isoforms in
vivo, and especially that of HIF2a to VHL/HIF-dependent
cardiac EPO expression. It should be also noted that HIF1a and
HIF2a are also found in cardiac stromal cells. Indeed, cardiac
endothelial cells abundantly express both HIF isoforms when
oxygen supply to myocardium becomes limited, as do cells in
the vessel wall that are presumably smooth muscle cells,
[36,37,38,39,40]. Therefore, cardiac Epo gene expression upon
Vhl gene inactivation involves HIF activation in cardiomyocytes,
although we cannot rule out the involvement of HIF activation
in other cardiac cell types.
Elevation of cardiac Epo gene expression is very remarkable,
although it occurs to a lesser extent than in the liver and kidney.
Therefore, it is conceivable that cardiac EPO production serves a
local autocrine or paracrine function when oxygen supply to
cardiac tissue becomes limited. Indeed, several studies have shown
that EPO protects cardiac tissue during ischemia and the
ischemia-reperfusion insult, particularly by overactivating the
serine threonine kinase AKT, as well as through other pathways
involving sonic hedgehog [44,45,46]. Indeed, the myocardium of
patients undergoing bypass is protected when pyruvate, a
previously recognized suppressor of PHD activity, is used [47],
which correlates with a remarkable upregulation of Epo gene
expression [48]. However, the effect of pyruvate on Epo gene
expression was not directly assessed in cardiac cells, nor was the
direct contribution of HIF activity, as we have studied in this work.
Furthermore, cardiac tolerance to ischemic damage induced by
ischemic preconditioning in the heart involves HIF1a mediated
upregulation of key cardioprotective molecules, such as ecto-59-
nucleotidase CD73 that generates adenosine, and the A2B
adenosine receptor (A2BAR) [49]. Therefore, the cardiac
oxygen-sensing VHL/HIF/EPO pathway may represent an
endogenous cardioprotective response that works in tandem with
other pathways (e.g. adenosine) to locally induce cardiomyocyte
tolerance against ischemia or ischemia-reperfusion damage.
Materials and Methods
Ethics Statement
All the experimental procedures were approved by the Research
Ethics Committee at the UAM (Autonomous University of
Madrid) and they were carried out under the supervision of the
Head of Animal Welfare and Health at the UAM in accordance
with Spanish and European guidelines (B.O.E, 18 March 1988,
and 86/609/EEC European Council Directives).
Cell culture and hypoxic conditions
The murine HL-1 cardiac cell line was cultured in Claycomb
medium [26] containing 10% heat-inactivated Fetal Bovine Serum
(FBS: Cambrex) and supplemented with 0.1 mM norepinephrine
(Sigma) and 2 mM GLUTAMAX-I (Invitrogen). Cells were plated
on gelatin (Difco) and fibronectin (Sigma) precoated surfaces, and
cultured at 37uC for 16 hours. Neonatal rat cardiomyocytes were
isolated from the hearts of 1 day-old Wistar rats using the Neomyt
isolation system (Cellutron Life Technologies). To remove
contaminating cardiac fibroblasts, dissociated cells were pre-plated
for 1 hour on uncoated culture plates. The resulting suspension of
cardiomyocytes was plated (2–3 million cells/60 mm plate) and
cultured for 24 hours in medium supplemented with 10% FBS
and 10 mM 5-bromo-29-deoxyuridine (BrdU; Sigma, B5002), and
then for an additional 24 hours in serum-free conditions. The cells
were subjected to hypoxia in DMEM + 10% FBS. All media were
supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin
and 1% HEPES buffer. Normoxic cells (21% O2) were maintained
at 37uC in an incubator with 5% CO2. To induce hypoxia, cell
culture dishes were placed into an Invivo2 400 humidified hypoxia
workstation (Ruskinn Technologies, Bridgend, UK) with 1% O2.
Mice
C;129S-Vhlhtm1Jae/J mice (Jackson Laboratories, stock no. 4081)
were used to generate the Vhlfloxed-UBC-Cre-ERT2 mice. These
mice harbor two loxP sites flanking the promoter and exon 1 of the
murine Vhl locus [50]. C;129S-Vhlhtm1Jae/J mice were crossed with
B6.Cg-Tg(UBC-Cre/ERT2)1Ejb/J mice (Jackson Laboratories,
stock no. 008085) which ubiquitously express a tamoxifen-
inducible Cre recombinase (Cre-ERT2), [13]. Vhlfloxed-UBC-Cre-
ERT2 mice were generated through the appropriate crosses, along
with the corresponding controls, Vhlwt-UBC-Cre-ERT2 and
Vhlfloxed. Hif1afloxed-UBC-Cre-ERT2 mice were generated from
B6.129-Hif1atm3Rsjo/J mice (Jackson Laboratories, stock no.
007561), which harbor two loxP sites flanking exon 2 of the
murine Hif1a locus [51]. These mice were crossed with Tg(UBC-
Cre/ERT2)1Ejb/J mice as described above to generate Hif1afloxed-
UBC-Cre-ERT2 mice and their corresponding controls, Hif1awt-
UBC-Cre-ERT2 and Hif1afloxed mice.
The mice were bred and housed in a specific pathogen free
(SPF) animal area of the animal facility at the Autonomous
University of Madrid (UAM). For gene inactivation, Vhlwt-UBC-
Cre-ERT2, Hif1awt-UBC-Cre-ERT2 and the corresponding con-
trol males (10–5 weeks old) were fed ad libitum for ten days with
Teckland CRD TAM400/CreER tamoxifen pellets (Harlan
Teklad), which contain 400 mg tamoxifen citrate/kg. Subsequent-
ly, they were returned to a diet of standard mouse chow (SafeH,
Augy, France) for an additional 10 days.
Reticulocyte counts and hematocrit measurement
The number of circulating or splenic reticulocytes was
determined by counting total blood or splenic cells respectively
followed by a flow cytometry analysis to determine the proportion
of reticulocytes identified as CD71 positive cells (using the anti-
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CD71-PE, Beckton-Dickinson) and low intracellular nucleic acid
content (using the DNA dye Hoechst 33342) [52]. Similarly,
splenic mature erythrocytes were identified as CD71 negative and
Hoechst 33342 negative cells [52]. Hematocrit measurements
were performed using a hemocytometer (apparatus SYSMEX
KX-21N).
Quantitative real-time PCR analysis and primers
Mice were anaesthetized by intraperitoneal administration of
ketamine (KetolarH 50 mg/ml) and xylazine (RompunH 20 mg/
ml), and the tissues of interest were then removed and snap-frozen
in liquid nitrogen. Subsequently, the tissue was homogenized in
Trizol (Invitrogen) with two freeze/thaw cycles and total RNA was
isolated using the RNeasy RNA extraction kit (Qiagen). cDNA
was prepared by reverse transcription of RNA (1 mg) using
Improm-II reverse transcriptase (Promega), and polymerase chain
reaction (PCR) amplification was performed using a Power SYBR
Green PCR Master Mix kit (Applied Biosystems). The following
primer sets were used: mouse VHL (forward, 59-TCAGCCC-
TACCCGATCTTACC-39; reverse, 59-ATCCCTGAAGAGCC
AAAGATGA-39); mouse HIF-1a (forward, 59-CACCGATT-
CGCCATGGA-39; reverse, 59-TCGACGTTCAGAACTCATC-
TTTTT-39); rat HIF-1a (forward, 59-GTCCTGTGGTG-
ACTTGTCCTT-39; reverse, 59-TGGACTC TGATCATCT-
GACCAAA-39); mouse erythropoietin (EPO) (forward, 59-
TCATCTGCGACAGTCGAGTTCT-39; reverse, 59-TTTTC-
ACTCAGTCTGGGACCTTCT-39); rat erythropoietin (EPO)
(forward, 59-CAAGGAGGCAGAAAATGTCACA-39; reverse,
59-TTTCCAAGCGTAG AAGTTGACTTTG-39); mouse glu-
cose transporter 1 (GLUT1) (forward, 59-CGCAACGAGGA-
GAACC-39; reverse, 59-GCCGTG TTGACGATACC-39); hypo-
xanthine-guanine phosphoribosyltransferase (HPRT) (forward, 59-
GTTAAGCAGTACAGCCCCAAA-39; reverse, 59-AGGGCA-
TATCCAACAAC AAACTT-39). The data were analyzed using
StepOne Software version 2.0 (Applied Biosystems).
siRNA transfection
HL-1 cells were transfected with a siRNA targeting mouse HIF-
1a (50 nM, sc-44225: Santa Cruz) or a scrambled control siRNA
(sc-37007), using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. 24 hours after transfection the cells
were exposed to normoxic or hypoxic conditions for an additional
24 hours.
Statistical analysis
The data are presented as the mean 6 SEM. Statistical
significance was assessed using a two-tailed Student’s t-test in all
figures, except in Figures 6A and B in which a two-tailed paired t-
test was used.
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The fine regulation of mitochondrial function has
proved to be an essential metabolic adaptation to
fluctuations in oxygen availability. During hypoxia,
cells activate an anaerobic switch that favors
glycolysis and attenuates the mitochondrial activity.
This switch involves the hypoxia-inducible tran-
scription factor-1 (HIF-1). We have identified a
HIF-1 target gene, the mitochondrial NDUFA4L2
(NADHdehydrogenase [ubiquinone] 1alphasubcom-
plex, 4-like 2). Our results, obtained employing
NDUFA4L2-silenced cells and NDUFA4L2 knockout
murine embryonic fibroblasts, indicate that hypoxia-
induced NDUFA4L2 attenuates mitochondrial oxy-
gen consumption involving inhibition of Complex I
activity, which limits the intracellular ROS produc-
tion under low-oxygen conditions. Thus, reducing
mitochondrial Complex I activity via NDUFA4L2
appears to be an essential element in the mitochon-
drial reprogramming induced by HIF-1.
INTRODUCTION
Aerobic organisms have developed specific systems to deliver
oxygen to cells in different anatomical locations. However, insuf-
ficient oxygen supply and the ensuing hypoxia is a hallmark of
different pathological situations. In response to hypoxia, cells
activate a metabolic program that reduces oxygen consump-
tion by actively lowering mitochondrial oxidative phosphoryla-
tion (OXPHOS) activity, the main oxygen-consuming process in
most cell types, accompanied by an increase in glucose uptake
and the rate of glycolysis (Aragone´s et al., 2008; Iyer et al., 1998;
Kim et al., 2006; Papandreou et al., 2006). This hypoxic adapta-
tion is due to the expression of genes triggered by hypoxia-
inducible factors (HIFs) (Aragone´s et al., 2009). HIFs are master
transcription factors regulated in an O2-dependent manner
by a family of prolyl hydroxylases (PHDs), which use O2 as768 Cell Metabolism 14, 768–779, December 7, 2011 ª2011 Elseviera substrate to hydroxylate HIF-a subunits in conditions of nor-
moxia (Kaelin and Ratcliffe, 2008). These hydroxylated sub-
strates are then ubiquitinated after recognition by VHL, and
they are degraded by the proteasome. By contrast, PHD activity
is inhibited in hypoxic conditions, and accordingly, HIF-a sub-
units accumulate, heterodimerize with HIF-b, and activate the
expression of HIF-dependent target genes (Schofield and Rat-
cliffe, 2004; Semenza, 2004, 2009).
Among the genes whose expression is upregulated by HIFs
are glucose transporters, like GLUT1, as well as key enzymes
involved in glycolysis (Iyer et al., 1998). The PDK1 and PDK3
genes that code for pyruvate dehydrogenase (PDH) kinases
are also upregulated, which results in increased phosphorylation
and inactivation of PDH, the enzyme that converts pyruvate to
acetyl-CoA (Kim et al., 2006; Lu et al., 2008; Papandreou et al.,
2006). This process limits the substrate available for the tricar-
boxylic acid cycle (TCA) and thus for OXPHOS activity. Mito-
chondrial respiration is also regulated by additional mechanisms
that maximize respiratory efficiency under conditions of reduced
O2 availability. Genes that regulate cytochrome c oxidase (the
ETC Complex IV that reduces O2 to H2O) are also regulated by
HIFs, including COX4-2 isoform and the LON protease, which
produces a switch from isoform COX4-1 to COX4-2 that opti-
mizes the efficiency of respiration under hypoxic conditions
(Fukuda et al., 2007).
Complex I (NADH:ubiquinone oxidoreductase) is the largest
and least understood component of the respiratory chain. This
complex catalyzes the first step in the electron transport chain
(ETC), transferring electrons from NADH to a noncovalently
bound flavin mononucleotide (FMN) and then, via a series of
iron-sulfur clusters (FeS), to the final ubiquinone acceptor. Com-
plex I consists of 45 different subunits that are assembled into
a structure of 1 MDa, and while 7 subunits are encoded by
mitochondrial DNA, the remaining 38 are coded for by the
nuclear genome (Carroll et al., 2006). The activity of the Complex
I is affected by hypoxia, either through posttranslational modifi-
cation (Frost et al., 2005) or the reduced expression of mitochon-
drial genes (Chan et al., 2009). Here we report that HIF-1 induces
the expression of the NADHdehydrogenase (ubiquinone) 1 alpha
subcomplex subunit 4-like 2 gene (NDUFA4L2, also calledInc.
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[NUOMS]), cataloged as a component of ETC Complex I due to
its high sequence identity with NDUFA4. It was previously
described usingmRNA array technology that NDUFA4L2 is over-
expressed in VHL-deficient cell lines and tumors (Favier et al.,
2009; Papandreou et al., 2006), as well as in neuroblastoma cells
in hypoxia (Fredlund et al., 2008) and in pathophysiological con-
ditions like rheumatoid arthritis (Andreas et al., 2009). Although
the physiological function of this protein remains unclear, we
show here that it is involved in lowering mitochondrial oxygen
consumption and Complex I activity, thereby reducing ROS
production. This provides a point in the regulation of mitochon-
drial activity that can reprogram Complex I activity under low-
oxygen conditions.
RESULTS
Hypoxia Induces the Mitochondrial Protein NDUFA4L2
in Primary Cultures and Tumor Cells In Vitro as well as
In Vivo
We hypothesized that, as the principal electron acceptor,
Complex I could be a key regulatory point in the control of the
ETC during hypoxia. To identify Complex I components that
might be regulated by moderate hypoxia, we used an mRNA
array to analyze the expression of genes in HeLa cells main-
tained for short periods of time (6 hr) in 1% O2. We detected
the expression of 44 genes of Complex I in the array: 40 genes
encoded by nuclear DNA and 4 encoded in the mitochondria
(ND1, ND2, ND3, and ND6). Of all these genes, only NDUFA4L2
was clearly induced by hypoxia, whereas the other genes en-
coded by nuclear DNA remained unchanged (Table S1). By
contrast and as described previously (Piruat and Lo´pez-Barneo,
2005), the other mitochondrially encoded genes underwent a
marked downregulation in these hypoxic conditions (Table S1).
It is important to note that NDUFA4L2 gene is strongly induced
by hypoxia. In fact, it appears among the first 12 genes more
induced by hypoxia in the mRNA study (Table S2).
These microarray data were validated by RT-PCR on mRNA
isolated from HeLa and PC-12 cells exposed to hypoxia. Indeed,
RT-PCR assays confirmed that NDUFA4L2 expression was
strongly upregulated in response to hypoxia (Figure 1A), while
such conditions did not change the levels of other Complex I
genes encoded in the nucleus, such as NDUFA4, NDUFAB1,
or NDUFB4, although ND1 and ND6 expression was downregu-
lated (Figure S1A). Upregulation of NDUFA4L2 expression was
also observed in HUVEC and cardiomyocytes subjected to
hypoxia and after treatment with PHD inhibitors such as dime-
thyloxaloylglycine (DMOG) and deferroxamine (Figure 1B). The
efficacy of hypoxia andDMOG in these experiments was corrob-
orated by the marked upregulation of previously recognized HIF
target genes such as PHD3, BNIP3, and GLUT1 (Figure S1B). In
addition, NDUFA4L2 expression was induced in brain tissue of
mice exposed to 7.5% O2 for 18 hr (Figure 1C). An increase in
NDUFA4L2 protein was also evident in response to hypoxia
in different cell types and brain tissue (Figure 1D) with an anti-
body specific to this protein that did not recognize the homolo-
gous NDUFA4 protein (Figure S1C). Moreover, the increase in
NDUFA4L2 protein induced by hypoxia was evident in cardio-
myocytes when assessed by immunofluorescence (Figure 1E).Cell MWe analyzed the cellular localization of NDUFA4L2 in nor-
moxic and hypoxic conditions. A bioinformatics approach pre-
dicted that NDUFA4L2 would be localized in mitochondria
(Table S3), and this prediction was then confirmed experimen-
tally by analyzing mitochondrial and cytoplasmic fractions from
HeLa cells. NDUFA4L2 was clearly enriched in the mitochondrial
fraction under hypoxic conditions (Figure 1F), and immunofluo-
rescence showed a clear colocalization of NDUFA4L2 and cyto-
chrome c in HL-1 cells (Figure 1G), aswell as the colocalization of
NDUFA4L2 and the mitochondria-selective dye MitoTracker in
HeLa cells (Figure S1D). These results confirmed the mitochon-
drial location of NDUFA4L2.
HIF-1a Regulates NDUFA4L2 Induction
To investigate whether hypoxia-induced NDUFA4L2 expression
was mediated by HIF transcription factors, we first silenced
HIF-1b, the common partner of HIF-1a and HIF-2a, thereby im-
pairing the canonical HIF transcriptional response. Interference
of HIF-1b expression abolished the induction of NDUFA4L2
during hypoxia (Figure 2A), as well as the response of PHD3 (in-
cluded as a control of HIF-target gene) (Figure S2A), indicating
that HIF transcriptional activity is essential for NDUFA4L2
induction.
To study the specific role of HIF-1a and HIF-2a in the response
of NDUFA4L2 to hypoxia, we performed RNA interference
assays in human renal carcinoma RCC4 cells that constitutively
stabilize HIF-1a and HIF-2a through the absence of VHL.
Likewise, the response of NDUFA4L2 was also assessed in
RCC4/VHL cells in which VHL expression was restored, and
hence both HIF-1a and HIF-2a were exclusively upregulated in
response to hypoxia. In line with the role of HIF activity in
NDUFA4L2 regulation, there was a robust upregulation of
NDUFA4L2 in hypoxic RCC4/VHL cells, whereas there was
marked and constitutive NDUFA4L2 expression in normoxic
RCC4 cells that was only minimally upregulated in hypoxic con-
ditions (Figure 2B). HIF-1a interference abrogated the expres-
sion of NDUFA4L2 in both normoxic and hypoxic RCC4 cells
(Figure 2B), as well as hypoxia-driven NDUFA4L2 expression in
RCC4/VHL cells (Figure 2B). By contrast, HIF-2a interference
did not affect the expression of NDUFA4L2 in RCC4/VHL cells
exposed to hypoxia, and no significant effect was observed in
RCC4 cells in either normoxic or hypoxic conditions (Figure 2B).
The control experiments for the interference assays showed
a specific reduction of HIF-1a or HIF-2a mRNA expression
(Figure S2B).
We further confirmed these data in mouse embryonic fibro-
blasts (MEFs) from Hif-1a+f/+f/Cre conditional mice in which
HIF-1a was lost after tamoxifen treatment. As a control, we em-
ployed tamoxifen Hif-1a+/+/Cre MEFs that lacked the CRE
recombination sites required for HIF-1a ablation. The hypoxic
induction of Ndufa4l2 expression as well as that of the HIF target
gene Phd3 were only abrogated in Hif-1a+f/+f/Cre conditional
MEFs following tamoxifen exposure, whereas they were still
expressed in Hif-1a+/+/Cre MEFs (Figures 2C and S2C). Hence,
the hypoxic induction of Ndufa4l2 appeared to be mostly medi-
ated by HIF-1a.
To identify possible hypoxia response elements (HREs)
responsible for the induction of NDUFA4L2, the proximal pro-





Figure 1. NDUFA4L2 Localizes to Mitochondria and Is Induced in Tumor Cells, in Primary Cultures, and In Vivo by Hypoxia
(A–C) Quantitative RT-PCR analysis ofNDUFA4L2mRNA expression relative to the values in normoxia. HeLa, PC-12, cardiomyocytes, and HUVECwere cultured
under conditions of normoxia or hypoxia (1%O2) for 6 (HeLa) or 18 hr (PC-12, cardiomyocytes, HUVEC) (A and B). DMOGwas added at 1mM (cardiomyocytes) or
0.1 mM (HUVEC), and deferroxamine (DFO) was added at 0.2mM in HUVEC (n = 3). Brain tissue frommice exposed to normoxic (n = 8) or hypoxic (7.5%O2; n = 7)
conditions for 18 hr is shown in (C).
(D) Immunoblot assay of NDUFA4L2 protein in HeLa, PC-12, HUVEC, or rat cardiomyocytes cultured under normoxic or hypoxic conditions (1% O2 for cell
cultures), as well as in brain tissue of mice subjected to hypoxia (7.5%O2) for 18 hr. Tubulin is shown as a loading control. The images are representative of at least
three experiments.
(E) Immunofluorescence showing the increase in NDUFA4L2 protein levels in rat cardiomyocytes exposed to normoxia or hypoxia (1%O2) for 18 hr, with respect
to those maintained in normoxic conditions. The images shown are representative of three experiments.
(F) Immunoblot assay of NDUFA4L2 in total cell (T), cytoplasmic (C), and mitochondrial (M) protein extracts from HeLa cells cultured under normoxic or hypoxic
conditions (1% O2) for 18 hr. Cytochrome c was assayed as a mitochondrial marker. The images shown are representative of three experiments.
(G) Immunofluorescence of HL-1 cells exposed to normoxia or hypoxia (1%O2) for 18 hr. Images show staining for NDUFA4L2 (left panel, green) and cytochrome c
(middle panel, red) and an overlay of the two signals (right panel). The images shown are representative of three experiments. See also Figure S1. n > 3; mean ±
SEM; *p < 0.05; **p < 0.01.
Cell Metabolism
NDUFA4L2 Controls Mitochondrial Complex I Activity






Figure 2. NDUFA4L2 Induction Is Mediated by HIF-1a
(A) HeLa cells transfected with siRNA against HIF-b or a scramble control were cultured under normoxic or hypoxic (1% O2) conditions for 24 hr. NDUFA4L2
mRNA levels were quantified by real-time RT-PCR.
(B) VHL-deficient RCC4 cells or RCC4/VHL cells were transfected with siRNA against HIF-1a, HIF-2a, or a scramble control and exposed under normoxic or
hypoxic conditions (1% O2) for 24 hr. NDUFA4L2 mRNA levels were quantified by real-time RT-PCR and are expressed relative to normoxic RCC4/VHL.
(C) Hif-1a+/+/Cre MEFs and Hif-1a+f/+f/Cre MEFs in the presence or absence of tamoxifen (1 mM) were cultured under normoxic or hypoxic conditions (1%O2) for
18 hr. NDUFA4L2 mRNA levels were quantified by real-time RT-PCR.
(D) Schematic representation of the human NDUFA4L2 gene and the nucleotide sequences matching the consensus hypoxia response element (HRE) from five
mammalian genes, indicating the regions A-B-C analyzed in the ChIP assay.
(E) ChIP assay of HIF-1a binding to the human NDUFA4L2 gene in HeLa cells cultured in normoxic or hypoxic conditions (1% O2) or exposed to DMOG (0.1 mM)
for 6 hr. RT-PCR quantification is shown of regions A (putative NDUFA4L2 HRE), B (nonconserved HRE), and C (negative HRE) after immunoprecipitation with
HIF-1a or a control antibody, represented as the percentage of that quantified in the total input DNA.
(F) Representative gel of DNA amplified in the ChIP assays shown in (E). See also Figure S2. n > 3; mean ± SEM; *p < 0.05; **p < 0.01.
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highly conserved between different species, unlike the +1344
site. Chromatin immunoprecipitation (ChIP) assays were per-
formed on HeLa cells grown under normoxic or hypoxic condi-
tions and after treatment with DMOG. To evaluate HIF-1aCell Mbinding to NDUFA4L2 regulatory sequences, quantitative PCR
(qPCR) was performed using specific primers for the putative
HRE site (A), the nonconserved HRE site (B), and a negative
site (C). ChIP assays for PDK1, a well-known HIF-1a target,





Figure 3. NDUFA4L2 Decreases Oxygen Consumption, Membrane
Potential, and ROS Production in Hypoxia
(A–D) HeLa cells were transfected with a scramble control or NDUFA4L2
siRNA and exposed to normoxic or hypoxic (1% O2) conditions for 18–24 hr.
Immunoblot analysis of NDUFA4L2 and HIF-1a protein levels using tubulin and
mitochondrial porin as loading controls is shown in (A). The images are re-
presentative of four independent experiments. Oxygen consumption rates
were measured by high-resolution respirometry (B). HeLa cells were trans-
fected with the empty vector (EV) or pCMV-NDUFA4L2 and then exposed to
normoxic or hypoxic (1% O2) conditions for 24 hr (C and D). Immunoblot
analysis of NDUFA4L2 and myc-tagged protein levels using tubulin and
mitochondrial porin as loading controls are shown (C). The images are re-
presentative of four independent experiments. Oxygen consumption rates
were measured by high-resolution respirometry (D).
(E) Relative DCF fluorescence as a measure of intracellular hydrogen peroxide
levels.
(F) Representative images of four independent experiments showing MitoSOX
intensity as a measure of mitochondrial superoxide levels.
(G and H) Mitochondrial membrane potential was determined with the fluo-
rescent probe TMRE and expressed relative to the control cells in normoxia.
FCCP was used as a positive control of mitochondrial membrane depolar-
ization (n > 3; mean ± SEM; *p < 0.05; **p < 0.01).
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served HRE site (A) was strongly induced by hypoxia and
DMOG treatment (Figure 2E), but not to the nonconserved
HRE site (B) or the negative control region (C). The sequence
amplified by qPCR had the expected size (Figure 2F). Taken
together, these results suggest that NDUFA4L2 is a direct
HIF-1 target gene.
NDUFA4L2 Is Involved in the Hypoxia-Induced Decrease
in Oxygen Consumption and Prevents Increases
in Membrane Potential and ROS Production
during Hypoxia
To test whether NDUFA4L2 is involved in the regulation of mito-
chondrial activity in hypoxia, we first determined the oxygen
consumption in HeLa cells in which NDUFA4L2 was silenced
by specific siRNA. In these experiments, NDUFA4L2 expres-
sion was typically reduced by 80% in hypoxic conditions
(Figure S3A) while NDUFA4 mRNA levels were not affected
by the siNDUFA4L2 (Figure S3B), highlighting the specificity
of the interference of NDUFA4L2. Indeed, NDUFA4L2 inter-
ference reduced its protein expression in both normoxic and
hypoxic conditions (Figure 3A), whereas the expression levels
of proteins from other ETC complexes were unaffected by
NDUFA4L2 interference (Figure S3C). Oxygen consumption
decreased approximately 42% in hypoxic conditions when com-
pared to normoxia in control HeLa cells (Figure 3B). However,
oxygen consumption only decreased by 27% in hypoxic con-
ditions when NDUFA4L2 was silenced in HeLa cells and when
compared to control cells in normoxic conditions (Figure 3B). In
normoxia, NDUFA4L2 silencing increased oxygen consump-
tion by only 10%, probably due to the low normoxic levels of
NDUFA4L2. We also tested whether transient overexpression
of NDUFA4L2 might decrease oxygen consumption by using
a pCMV-NDUFA4L2 vector to achieve expression levels similar
to those obtained in hypoxia (Figures 3C and S3D). Transient
overexpression of NDUFA4L2 decreased oxygen consumption
in HeLa cells by approximately 20% (Figure 3D). Hence, we con-
clude that during hypoxia, NDUFA4L2 induction decreases
oxygen consumption.
Since attenuation of mitochondrial activity in hypoxia may be
a compensatory mechanism to keep mitochondrial ROS under
control, we wondered whether hypoxia-driven NDUFA4L2 up-
regulation could also participate in this antioxidant response.
Previous studies used the fluorescent dye H2DCFDA and flow
cytometry to demonstrate an increase of mitochondrial ROS
production when cells are exposed to low O2 tensions (Brunelle
et al., 2005; Guzy et al., 2005; Mansfield et al., 2005). Accord-
ingly, we observed increased H2DCFDA fluorescence in HeLa
cells exposed to hypoxia (1% O2) that was exacerbated when
NDUFA4L2 was silenced (Figure 3E). Similar data were obtained
using the mitochondrial superoxide indicator MitoSOX (Fig-
ure 3F), which points to the mitochondrial origin of this in-
creased superoxide production, probably from respiratory com-
plexes. Increased ROS production in the absence of NDUFA4L2
during hypoxia correlated with an increased mitochondrial
membrane potential in these conditions (Figure 3G). Conversely,
NDUFA4L2 overexpression significantly decreased membrane
potential compared to cells expressing the empty vector
(Figure 3H).772 Cell Metabolism 14, 768–779, December 7, 2011 ª2011 ElsevierThe Hypoxia-Induced Decrease in Oxygen Consumption
via NDUFA4L2 Occurs through Complex I Inhibition
Given that NDUFA4L2 appears to be a mitochondrial protein
involved in the downregulation of hypoxia-induced oxygen
consumption, and that it likely belongs to the NDUFA4 subunit
family of Complex I, we wondered whether NDUFA4L2 might
be involved in actively regulating Complex I activity. We found





Figure 4. NDUFA4L2 Decreases Complex I Activity in Hypoxia
(A and B) Complex I activity was measured in HeLa cells transfected with
a scramble control or NDUFA4L2 siRNA (A) or with the empty or pCMV-
NDUFA4L2 vector (B), then exposed to normoxic or hypoxic (1% O2) condi-
tions for 24 hr.
(C and D) Complex IV activity was measured in HeLa cells transfected
with a scramble control or NDUFA4L2 siRNA (C) and the empty or pCMV-
NDUFA4L2 vector (D), then exposed to normoxic or hypoxic (1% O2) condi-
tions for 24 hr.
(E and F) Complex I activity wasmeasured in Hif-1a+f/+f/Cre (E) or Hif-1a+/+/Cre
MEFs (F) maintained in the presence or absence of tamoxifen (1 mM) for 48 hr
and cultured under normoxic or hypoxic (1% O2) conditions for 18 hr.
(G) Blue native PAGE (BN-PAGE) analysis of the mitochondrial OXPHOS
Complex I (NDUFA9), Complex III (Core 2), and Complex IV (CoI) from
scramble and NDUFA4L2 siRNA HeLa cells exposed to normoxic or hypoxic
(1% O2) conditions for 24 hr (n > 3; mean ± SEM; *p < 0.05; **p < 0.01).
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24 hr), although it did not when NDUFA4L2 expression was
silenced (Figure 4A). Moreover, transient overexpression of
NDUFA4L2 decreased Complex I activity in normoxic conditions
(Figure 4B), demonstrating that NDUFA4L2 regulates Complex I
under low-oxygen conditions.
To study the specificity of the effects of NDUFA4L2 on Com-
plex I, we also measured Complex IV activity. Hypoxia (1% O2
for 24 hr) induced a 38% decrease in Complex IV activity inCell MHeLa cells (Figure 4C), but the silencing of NDUFA4L2 expres-
sion in hypoxia or its overexpression in normoxia did not affect
Complex IV activity (Figures 4C and 4D). Similar results were
obtained when Complex IV activity was determined spectropho-
tometrically (data not shown). Hence, NDUFA4L2 appears to
affect ETC activity by specifically inhibiting Complex I. Since
our results indicate that NDUFA4L2 is a HIF-1a-dependent
gene involved in the downregulation of Complex I activity in
hypoxia, we further studied the role of HIF-1 in regulating Com-
plex I. As expected, there was no decrease in Complex I activity
following hypoxia in tamoxifen-treated Hif-1a+f/+f/Cre MEFs in
which HIF-1a was ablated (Figure 4E). By contrast, a decrease
in Complex I activity similar to that seen in HeLa cells was
evident in tamoxifen-treated Hif-1a+/+/Cre MEFs (20%) (Fig-
ure 4F). These results suggest that the HIF-1a-induced in-
crease in NDUFA4L2 expression decreased oxygen consump-
tion through the specific inhibition of mitochondrial Complex I
activity.
Complex I activity can be modulated by its assembly (Vogel
et al., 2005). We hypothesized that hypoxia-induced NDUFA4L2
could affect Complex I assembly. To test this possibility, we
performed Blue native PAGE (BN-PAGE) in order to analyze
the status of mitochondrial complexes. Neither hypoxia nor
NDUFA4L2 silencing modified Complex I content, thus ruling
out the involvement of NDUFA4L2 in the Complex I assembly
process (Figure 4G).
Silencing of NDUFA4L2 Impairs Cell Proliferation in
Hypoxia by Increasing Mitochondrial ROS Generation
While the absence of NDUFA4L2 does not significantly affect
cell proliferation in normoxic conditions (Figure 5A), viable
hypoxic NDUFA4L2-silenced HeLa cells proliferated at a slower
rate than hypoxic control cells (Figure 5B). This slower prolifer-
ation was evident by both cell counting and by direct obser-
vation under the microscope (Figure 5C); it was also observed
in other cell types such as HUVEC, UCD-Mel-N, and SKOV3
cells (Figure S4A). NDUFA4L2-silenced cells did not show
either increased caspase-3 cleavage (Figure 5D) or changes
in propidium iodide incorporation (Figure 5E), excluding the
possibility that NDUFA4L2 silencing impaired cell prolifera-
tion by activating apoptosis. Additional studies showed that
the capacity of hypoxic HeLa cells to form colonies in soft
agar was affected when NDUFA4L2 was silenced, with a
decrease in both the size and the number of colonies (Fig-
ure 5F). In order to investigate whether ROS overproduction
in NDUFA4L2-silenced HeLa cells during hypoxia was re-
sponsible for the impairment in cell proliferation, we tested
the effects of two different antioxidants, N-acetylcysteine
(NAC) and MitoQ (an antioxidant targeted to mitochondria),
on cell proliferation. Cell proliferation was restored when
NDUFA4L2-silenced HeLa cells were treated with MitoQ in
hypoxia (Figure 5G). This effect was also observed with NAC
(Figure S4B), suggesting that exacerbated ROS production
may be involved in the impairment of cell viability under hyp-
oxia. Indeed, an increase in ROS production was detected in
NDUFA4L2-silenced cells exposed to hypoxia using the mito-
chondrial superoxide indicator MitoSOX (Figure 5H). This in-
crease was completely prevented by incubation with MitoQ







Figure 5. Reduced Hypoxic Levels of NDUFA4L2
Impair Cell Proliferation
(A and B) Growth curves of HeLa cells transfected with
a scramble control or NDUFA4L2 siRNA in normoxic (A)
and hypoxic (0.5% O2) (B) conditions for different periods
of time.
(C) Microscope images showing the density of HeLa cell
cultures transfected with a scramble control or NDUFA4L2
siRNA and maintained under normoxic (21% O2) or
hypoxic (0.5% O2) conditions for 72 hr.
(D) HeLa cells were transfected with either a scramble
control or NDUFA4L2 siRNA and cultured under normoxic
(21%O2) or hypoxic (0.5%O2) conditions for 72 hr, and the
cell lysates were assayed in immunoblots that were pro-
bed with antibodies against NDUFA4L2, uncleaved cas-
pase-3, and cleaved caspase-3. Glut1 was used as a
positive control of hypoxic gene induction and tubulin as
a loading control. Taxol was used as positive control of
apoptosis.
(E) Scramble control or NDUFA4L2 siRNA HeLa cells
maintained in normoxic (21% O2) or hypoxic (0.5% O2)
conditions for 72 hr. The absolute value of apoptosis was
measured by flow cytometry in cells stained with propi-
dium iodide, as described in the Experimental Procedures.
(F) Image of colony formation by HeLa cells transfected
with a scramble control or NDUFA4L2 siRNA in normoxic
and hypoxic (0.5% O2) conditions in soft agar for 15 days.
Both size and number of colonies were quantified.
(G) Growth of HeLa cells transfected with a scramble
control or NDUFA4L2 siRNA in normoxic and hypoxic
(0.5%O2) conditions with or without 0.5 mMMitoQ (0.5 mM
dTPP was used as control of MitoQ) at 72 hr.
(H) Fluorescencemicroscopy images of hypoxic (0.5%O2)
cultured scramble and siNDUFA4L2 HeLa cells treated
either with 0.5 mM MitoQ or 0.5 mM dTPP (n > 3; mean ±
SEM; *p < 0.05; **p < 0.01).
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NDUFA4L2 Controls Mitochondrial Complex I ActivityCell-cycle analysis showed that hypoxic NDUFA4L2-silenced
HeLa cells had increased early S phase and decreased late
S phase compared to scramble control cells (Figure S4C). Since
NDUF4L2-silenced HeLa cells present ROS overproduction in
hypoxia, and ROS can increase the phosphorylation of histone
H2AX, a marker of cell stress (Driessens et al., 2009), we then
analyzed the phosphorylation of H2AX histone. We observed in-
creased phosho-H2AX levels in hypoxia when NDUFA4L2 was
interfered (Figure S4D), suggesting that the lack of NDUFA4L2
in hypoxia produces cell stress.
It has been described that both the downregulation of the iron-
sulfur cluster assembly proteins (ISCU1/2) via miR-210 and the
upregulation of PDK1 are implicated in ROS control and cell
viability in hypoxia (Chan et al., 2009; Chen et al., 2010; Favaro
et al., 2010; Kim et al., 2006; Papandreou et al., 2006). To inves-
tigate the relative contribution of these effects to HeLa hypoxic
adaptation, we performed cell proliferation assays. We only
observed a decrease in ISCU1/2 protein at times over 24 hr at
0.5% (Figure S5A) but not in the milder hypoxic conditions774 Cell Metabolism 14, 768–779, December 7, 2011 ª2011 Elsevier Inc.(1% O2). Furthermore, the overexpression of
ISCU1/2 did not affect HeLa cell proliferation in
hypoxia (0.5% O2) at 72 hr (Figure S5B). In addi-
tion, HeLa cells in which PDK1 was silenced by
specific siRNA (Figure S5C) showed a decrease
in proliferation under hypoxia (0.5% O2) at 72 hr(Figure S5D) similar to that observed in NDUFA4L2-silenced
cells, suggesting that both NDUFA4L2 and PDK1 play an impor-
tant role in ROS control and cell proliferation in our system
conditions.
MEFs Obtained from NDUFA4L2 Knockout Mice Exhibit
Higher Oxygen Consumption and Complex I Activity
in Hypoxia Than Wild-Type MEFs
In order to gain further insight into the role of NDUFA4L2 on
hypoxia-induced mitochondrial reprogramming, we generated
NDUFA4L2 knockout (KO) mice. We initially planned to isolate
primary cell cultures fromNDUFA4L2-deficient adult mice. How-
ever, we found that homozygous Ndufa4l2 gene inactivation
results in perinatal lethality, which demonstrates an essential
biological role of NDUFA4L2 in development that will be further
explored in future studies. Therefore, we isolated NDUFA4L2-
deficient MEFs and the corresponding wild-type controls from
E12.5–14.5 embryos generated from NDUFA4L2+/ breeding




Figure 6. Analysis of NDUFA4L2-Deficient MEFs
(A–D) WT and KO MEFs were exposed to 0.5% hypoxia
24 hr prior to subsequent analysis. Immunoblot analysis
showing the total deficiency of NDUFA4L2 is shown in (A).
Tubulin was used as a loading control. Oxygen con-
sumption rates were measured by high-resolution respi-
rometry (Oxygraph 2k) (B). Complex I (C) and Complex IV
(D) activities were measured spectrophotometrically and
expressed relative to citrate synthase values.
(E) Relative growth rates of WT and KO NDUFA4L2 MEFs
cultured in hypoxia (0.5% O2).
(F) Representative images of three independent experi-
ments showing MitoSOX intensity as a measure of mito-
chondrial superoxide levels (n > 3 mean ± SEM; *p < 0.05,
**p < 0.01).
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NDUFA4L2 Controls Mitochondrial Complex I Activityexpression of NDUFA4L2. Western blot analysis confirmed
that NDUFA4L2 increased in hypoxia in MEFs from wild-type
mice only (Figure 6A). We determined oxygen consumption in
MEFs obtained from NDUFA4L2 KO and wild-type mice (Fig-
ure 6B). Confirming results obtained in HeLa cells, MEFs from
NDUFA4L2 KO mice showed increased respiration rate in
hypoxia compared to wild-type mice (Figure 6B). The activity
of Complex I in hypoxia was higher in MEFs from KO mice
than in those from wild-type mice, confirming the results ob-
tained in HeLa cells (Figure 6C). In contrast, the activity of
Complex IV in hypoxia was similarly decreased in both types of
MEFs (Figure 6D). The expression level of respiratory com-
plexes was studied by BN-PAGE using DDM (n-dodecyl beta-
D-maltoside), obtaining the same result as in HeLa cells (data
not shown). In addition, MEFs from NDUFA4L2 KO mice ex-
hibited a lower proliferation rate than those from wild-type
mice when cultured under hypoxia (Figure 6E), and this lower
proliferation correlated with increased ROS production under
hypoxic conditions (Figure 6F).Cell Metabolism 14, 768NDUFA4 Paralogue Is Repressed under
Hypoxia at the Protein Level
It is established that a COX4-2 to COX4-1
subunit substitution takes place at Complex IV
during hypoxia (Fukuda et al., 2007). The pa-
ralogue proteins NDUFA4L2 and NDUFA4
derive from the same ancestral gene, share
more than 65% in their amino acid sequence,
and have been suggested to be part of mito-
chondrial Complex I (Walker et al., 1992). Since
NDUFA4mRNA levels do not change in hypoxia
up to 48 hr (Figure 7A), we investigated the fate
of the protein under hypoxia. We found that
NDUFA4 protein decreases in hypoxic cells
while NDUFA4L2 protein expression increases
in hypoxic conditions (Figure 7B). We also
explored whether NDUFA4L2 levels would be
responsible for the downregulation of NDUFA4.
NDUFA4 protein levels decreased in hypoxia
evenwhen NDUFA4L2was silenced (Figure 7C),
and its expression in normoxia was unaffected
by NDUFA4L2 overexpression (Figure 7D).
NDUFA4 protein decreases to the same extentin NDUFA4L2 KO MEFs, demonstrating that both events occur
independently (Figure 7E). Collectively, all these data indicate
that NDUFA4L2 KO MEFs markedly repress NDUFA4 protein
levels in hypoxia while Complex I activity is not affected, ruling
out the possibility that Complex I activity is repressed in hyp-
oxia via NDUFA4. These data stress the specific role of
hypoxia-dependent NDUFA4L2 upregulation in Complex I
activity inhibition.
DISCUSSION
The influence of fluctuations in oxygen concentration on mito-
chondrial activity has raised a great interest due to its broad
impact on pathophysiology. Mitochondrial respiration is only
compromised when the oxygen concentration drops below
0.1% O2 because of the high affinity of mitochondrial cyto-
chrome c oxidase (Complex IV) for oxygen (Aguirre et al., 2010;
Gnaigeretal., 1998;Smolenskiet al., 1991;StumpeandSchrader,




Figure 7. Opposite Regulation of NDUFA4 and
NDUFA4L2 under Hypoxia
(A) HeLa cells were cultured under hypoxia (1% O2) for 6,
12, 24, and 48 hr, and NDUFA4 mRNA levels were
analyzed.
(B) Immunoblot analysis of HeLa cells subjected to either
24 or 48 hr of hypoxia and proved against NDUFA4 and
NDUFA4L2 antibodies. NDUFA9 was used as a loading
control for Complex I, and tubulin was used as a total
loading control.
(C and D) HeLa cells were transfected with a scramble
control or NDUFA4L2 siRNA and then exposed to nor-
moxic or hypoxic (1% O2) conditions for 24 hr (C) or
transfected with the empty or pCMV-NDUFA4L2 vector
(D). Cell lysates were analyzed against NDUFA4,
NDUFA4L2, and tubulin antibodies.
(E) Immunoblot analysis of MEFs WT and KO for
NDUFA4L2 showing the total deficiency of NDUFA4L2
and the decrease of NDUFA4 under hypoxic (1% O2)
conditions for 24 hr. Tubulin was used as a loading control.
(F) Model showing the involvement of NDUFA4L2 induc-
tion by HIF-1a in hypoxic adaptation. HIF-1a stabilization
by hypoxia upregulates NDUFA4L2, which inhibits ETC
Complex I activity. As a result, oxygen consumption de-
creases and ROS production is abrogated, thereby
allowing cells to adapt to the hypoxic conditions. In con-
trast, hypoxia decreases NDUFA4 protein levels (n > 3;
mean ± SEM; *p < 0.05; **p < 0.01).
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NDUFA4L2 Controls Mitochondrial Complex I Activityexpress a large number of genes, dependent on HIFs, that repro-
gram the metabolism to attenuate mitochondrial O2 consump-
tion, which also protects cells against excessive mitochondrial
ROS formation (Aragone´s et al., 2009; Kim et al., 2006; Papan-
dreou et al., 2006).
At the molecular level, we show here that moderate hypoxia
decreases oxygen consumption and Complex I activity via the
HIF-1-dependent upregulation of NDUFA4L2. Our data indicate
that NDUFA4L2 is a HIF-1-dependent gene, emphasizing the
role of HIF-1 in mitochondrial reprogramming and revealing
NDUFA4L2 as an important element in metabolic adaptation to
hypoxia. We have observed this induction in different cell types,
as well as in tissue from animals subjected to hypoxia, suggest-
ing a role in physiological adaptation to hypoxia. In this regard,
NDUFA4L2 KO homozygous mice, which could be a presumed
mouse model of Complex I gain of function based on our own
data, show perinatal lethality, stressing the high relevance of
this protein in vivo. Similarly, mouse models of Complex I defi-
ciency (Kruse et al., 2008) also die shortly after birth, which indi-
cates that Complex I activity needs to be tightly controlled to
assure an adequate development early after birth.
The PHDoxygen-sensing pathway is also known to upregulate
the PDH kinase isoforms PDK1, PDK3, and PDK4 (Aragone´s
et al., 2008; Kim et al., 2006; Lu et al., 2008; Papandreou et al.,
2006). PDK overactivation reduces PDH activity, slowing down
the conversion of pyruvate into acetyl-CoA and ultimately re-
pressing the TCA cycle and the supply of NADH to themitochon-
drial ETC. Therefore, PDKs could potentially cooperate with
NDUFA4L2 to reduce mitochondrial Complex I activity under
moderate hypoxic conditions, but it is also conceivable that
NDUFA4L2 has other biological functions that cannot be accom-776 Cell Metabolism 14, 768–779, December 7, 2011 ª2011 Elsevierplished by PDKs. For example, when metabolites that fuel the
TCA cycle originate from pathways different from glycolysis
(e.g., glutaminolysis or fatty acid oxidation), it would be neces-
sary to reduce ETC activity in order to decrease mitochon-
drial function (Wheaton and Chandel, 2011). Hypoxia-induced
NDUFA4L2 expression could fulfill this role, reducing oxygen
consumption due to its strategic position downstream of the
TCA cycle, possibly at Complex I (Figure 7F). Likewise, hypoxia
induces the upregulation of microRNA-210, which represses
ISCU1/2 (Chan et al., 2009; Chen et al., 2010; Favaro et al.,
2010). These proteins facilitate the assembly of iron-sulfur clus-
ters, including those in Complex I, Complex III, and aconitase,
which are critical for electron transport and mitochondrial redox
reactions. As a result, microRNA-210 represses mitochondrial
respiration. In our model, and in line with previous studies,
ISCU1/2 protein does not decrease prior to 48 hr and only under
0.5% O2, while NDUFA4L2 becomes functional as early as 24 hr
at 1%O2. Moreover, ISCU1/2 recovery in hypoxic HeLa cells did
not disturb proliferation. In this sense, it has been described that
an anti-miR-210 affects HeLa cell proliferation at times longer
than 48 hr and at very low oxygen tensions (0.01% O2) (Favaro
et al., 2010).
Very intriguingly, however, Complex I inhibition in HeLa cells
takes place at milder hypoxia (1% O2) (Figure 4), and this
oxygen tension does not seem to be enough to decrease
ISCU1/2 (Figure S5A). Furthermore, ISCU1/2 downregulation is
not observed before 48 hr, but Complex I is inhibited as early
as 24 hr. This opened a 24 hr window during which NDUFA4L2
could be acting before ISCU induction takes place. As demon-
strated, NDUFA4L2 Complex I inhibition occurs without af-
fecting Complex I quantity, but probably by a direct or indirectInc.
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NDUFA4L2 Controls Mitochondrial Complex I Activityinteraction that remains to be elucidated. However, miRNA-210-
targeted ISCU1/2 presumably fulfills its function by decreasing
Complex I content. This early NDUFA4L2-dependent qualitative
modulation followed by a later miR210-dependent quantitative
repression of Complex I represents a possible model by which
HIF-1 guarantees a fine control of Complex I under hypoxic
conditions. In summary, we propose that, although NDUFA4L2
upregulation and miR-210-induced ISCU1/2 repression could
act synergistically to decrease Complex I activity and oxygen
consumption in chronic hypoxia, we should underscore that
primary (1% O2) Complex I inhibition can be only accomplished
by early NDUFA4L2 induction.
Altered subunit content during hypoxia has also been reported
for other ETC complexes. Thus, physiological hypoxia induces
a COX4-1 to COX4-2 subunit switch, an effect mediated by
HIF-1 that is thought to optimize the efficiency of respiration
during conditions of reduced oxygen availability (Fukuda et al.,
2007). Since we have found that NDUFA4 is downregulated at
the protein level in hypoxia, we could speculate that NDUFA4L2
induction is taking over NDUFA4’s place at Complex I and
reducing in some way its activity. However, NDUFA4L2 KO
MEFs markedly repress NDUFA4 protein levels in hypoxia, while
Complex I activity is not affected, ruling out the possibility that
Complex I activity is repressed in hypoxia via NDUFA4. In this
regard, the role and location of NDUFA4 within Complex I are
not yet well understood.
The ETC produces superoxide when single electrons are
transferred to O2 during electron transport. There are different
sites of ROS production in mammalian mitochondria (Murphy,
2009), but the greatest maximum capacity of ROS production
is the ubiquinone reduction site of Complex I and the outer
quinone-binding site of the Q cycle in Complex III (Liu et al.,
2002; Raha and Robinson, 2000; St-Pierre et al., 2002; Votya-
kova and Reynolds, 2001). Although superoxide production in
isolated mitochondria correlates with oxygen tension (Liu et al.,
2002), it is generally accepted that ROS production in cells
increases during short periods of hypoxia (Brunelle et al., 2005;
Guzy et al., 2005; Mansfield et al., 2005). In agreement with
this, we detected increased ROS in hypoxia using the fluores-
cent probes DCFDA and MitoSOX. The hypoxia-induced ROS
increase was exacerbated in the absence of NDUFA4L2, indi-
cating that the expression of this protein keeps ROS production
under control and hence could protect the cell against oxidative
stress.Whether the effects of NDUFA4L2 on ROS production are
direct or occur through the modulation of other mitochondrial
proteins requires further research. However, the fact that mito-
chondrial membrane potential increases simultaneously with in-
creased ROS in the absence of NDUFA4L2 suggests that both
events might be closely associated, as has been demonstrated
elsewhere (Korshunov et al., 1997; Votyakova and Reynolds,
2001).
Hypoxia-exposed cell cultures accumulate intracellular ROS,
but most probably at lower sublethal concentrations. As shown
in Figure 5, and in line with previous studies, hypoxia slows
down proliferation (Gardner et al., 2001; Goda et al., 2003).
However, NDUFA4L2-silenced cells and MEFs from NDUFA4L2
KO mice showed a more profound inhibition of cell prolifera-
tion in parallel to a higher ROS accumulation and DNA stress/
damage (H2AX phosphorylation) than control cells or MEFsCell Mfrom wild-type mice. NDUFA4L2-silenced cells did not show
signs of cellular apoptosis, probably because of the high-resis-
tance nature of these tumor cells. Therefore, it is reasonable to
think that the PHD-HIF system counteracts ROS overproduction
that impairs cell growth.
Several in vivo and in vitro studies have revealed that the
reduction of mitochondrial oxygen consumption through PHD
and HIF activities prepares cells to tolerate more extreme lethal
hypoxic/ischemic conditions, saving oxygen and reducing mito-
chondrial ROS formation. We hypothesize that NDUFA4L2
induction during hypoxia helps keep intracellular ROS produc-
tion in check, consistent with the fact that NDUFA4L2 limits
Complex I activity and prevents increases in membrane poten-
tial. It is therefore reasonable to speculate that NDUFA4L2 could
participate in ischemic preconditioning. Indeed, several in vivo
studies have shown that partial inhibition of Complex I with sub-
lethal doses of amobarbital (a reversible inhibitor at the rotenone
site of Complex I) prevents reperfusion-induced cardiac damage
(Aldakkak et al., 2008; Chen et al., 2006a, 2006b).
Our studies indicate that mitochondrial Complex I activity is
controlled by NDUFA4L2 during hypoxia. In conjunction with
previous data on PHD- and HIF-regulated mitochondrial activity,
we add further elements to the strategic armory used by HIFs to
ensure that mitochondrial oxygen consumption is repressed in
mild hypoxic conditions, highlighting the biological relevance of
the regulation of this cellular response.
EXPERIMENTAL PROCEDURES
Cell Lines and Cultures
HeLa, RCC4, RCC4/VHL, PC-12, HL-1, neonatal rat cardiomyocytes, Hif-
1a+/+/Cre or Hif-1a+f/+f/Cre MEFs, and human umbilical vein endothelial cells
(HUVEC) were used. See Supplemental Experimental Procedures for details.
Microarray Analysis
Total RNA was extracted using Ultraspec reagent (Biotecx, Houston, TX).
One-Color Microarray-Based Gene Expression Analysis Protocol (Agilent
Technologies, Palo Alto, CA) was used to amplify and label RNA. Briefly,
200–700 ng of total RNA was reverse transcribed using T7 promoter Primer
andMMLV-RT. Then cDNAwas converted to aRNA using T7 RNA polymerase,
which simultaneously amplifies target material and incorporates cyanine
3-labeled CTP. Samples were hybridized to Whole Human Genome Micro-
array 43 44K (G4112F, Agilent Technologies). Cy3-labeled aRNA (1.65 g) was
hybridized for 17 hr at 65C in a hybridization oven (G2545A, Agilent) set to
10 rpm in a final concentration of 13 GEx Hybridization Buffer HI-RPM,
according to manufacturer’s instructions (One-Color Microarray-Based
Gene Expression Analysis, Agilent Technologies). Arrays were washed ac-
cording to manufacturer’s instructions (One-Color Microarray-Based Gene
Expression Analysis, Agilent Technologies) and dried out using a cen-
trifuge. Finally, arrays were scanned at 5 mm resolution on an Agilent DNA
Microarray Scanner (G2565BA, Agilent Technologies) using the default
settings for 43 44K format one-color arrays. Images provided by the scanner
were analyzed using Feature Extraction software version 9.5.3.1 (Agilent
Technologies).
In Vivo Hypoxia Experiments
Eight-week-old male C57BL/6 mice were exposed to hypoxic (7.5% O2) or
normoxic (21% O2) conditions for 18 hr. After treatment mice were sacrificed
under the same conditions to avoid tissue reoxygenation following hypoxia.
The brain and heart were then excised, frozen in liquid nitrogen, and stored
at 80C. Organs were homogenized in liquid nitrogen and resuspended in
RIPA buffer (1% NP40, 0.5% sodium deoxycholate, and 0.1% SDS in PBS
buffer) for protein extraction or Ultraspec reagent (Biotecx, Houston, TX) for
mRNA isolation.etabolism 14, 768–779, December 7, 2011 ª2011 Elsevier Inc. 777
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Oxygen consumption was determined by high-resolution respirometry
(Oxygraph-2k, Oroboros Instruments, Innsbruck, Austria). Cells were trypsi-
nized after the indicated treatments and then resuspended at 23 106 cells/ml
in HBSS containing 25 mM HEPES. The instrumental background flux was
calculated as a linear function of the oxygen concentration, and the experi-
mental data were corrected using DatLab software (Oroboros Instruments).
The oxygen concentration in air-saturated culture medium at 37C was
175.7 mM (Rodrı´guez-Jua´rez et al., 2007). Measurements were taken at 37C
in parallel Oxygraph-2k chambers for cells incubated in normoxic and hypoxic
(1% O2) conditions with the indicated treatments.
Mitochondria Isolation
The isolation of an enriched mitochondrial fraction from 2–5 3 107 HeLa cells
was performed using the Mitochondria Isolation Kit MITOISO2 (Sigma)
according to the manufacturer’s instructions.
Complex I and IV Activity
The activities of Complex I and Complex IV were measured using the Complex
I Enzyme Activity Microplate Assay Kit or the Complex IV Human Duplexing
Microplate Assay Kit, both from MitoSciences, according to the manufac-
turer’s instructions.
Mitochondrial Membrane Potential
Mitochondrial membrane potential was determined by incubating the cells
with the fluorescent dye tetramethylrhodamine ethyl ester (TMRE; Sigma).
Cells were incubated with 2.5 nM TMRE for 30 min at 37C and subsequently
analyzed by FACScan flow cytometer (Becton Dickinson, Lincoln Park, NJ).
Cell Proliferation and Apoptosis
For the cell proliferation assay, 2 3 105 HeLa, HUVEC, UCD-mel-N, and
SKOV3 cells were planted in a 10 cm dish 1 day before exposure to hypoxic
conditions (0.5% O2). Either 0.1 mM NAC or 0.5 mM Mito-Q (0.5 mM DTPP
was used as control of Mito-Q) was added to HeLa cells to determinate the
effect of the antioxidants on NDUFA4L2-interfered cell proliferation in hypoxia.
At the times indicated, the cells were trypsinized and the viable cells were
counted using trypan blue. Apoptosis was determined by flow cytometry anal-
ysis of the cell cycle after DNA staining with propidium iodide (PI) and by anal-
ysis of cleaved caspase-3 with a specific antibody (Cell Signaling). Positive
controls for apoptosis were performed by incubating HeLa cells with taxol
(Calbiochem) at 1 mg/ml for 18 hr.
Soft Agar Assay
HeLa cells were seeded into 0.35% agar Noble (Difco) in DMEM containing
10% heat-inactivated FBS on top of a bed of 0.5% agar in 60 mm dishes at
53 103 cells per dish. Immobilized cells were grown for 15 days in a humidified
chamber at 37C and exposed to normoxic or hypoxic conditions (0.5% O2).
Colonies were then photographed using a DS-Fi1 camera (Nikon) and counted
and measured using ImageJ software.
Analysis of ETC Complexes by Blue Native Electrophoresis Gel
Mitochondrial membrane proteins (100–150 mg) were applied and run on a
3%–13%first-dimension gradient Blue native electrophoresis gel as described
elsewhere (Scha¨gger, 1995). After electrophoresis, the complexes were elec-
troblotted onto PVDF filters and sequentially probed with the following specific
antibodies: anti-NDUFA9 (complex I), anti-core2 (complex III), anti-COI (com-
plex IV), and anti-70 kDa subunit (complex II). All antibodies were obtained
from Molecular Probes.
Ndufa4l2 Gene Inactivation in Mice
NDUFA4L2 chimeric males were obtained from Velocigene Regeneron Phar-
maceuticals, Inc. (Reference number: 13661) through the KOMP repository.
These chimeric mice were crossed with wild-type C57BL/6 females to
generate NDUFA4L2 heterozygous mice. NDUFA4L2 heterozygous mice
were used to generate NDUFA4L2-deficient embryos and the subsequent
murine embryonic fibroblast isolation. The mice were bred and housed in
a specific pathogen free (SPF) animal area of the animal facility at the Univer-
sidad Auto´noma de Madrid (UAM).778 Cell Metabolism 14, 768–779, December 7, 2011 ª2011 ElsevierStatistical Analysis
The data are presented as the means ± SEM of at least three independent
experiments. Statistical significance *p < 0.05 or **p < 0.01 was assessed by
the Wilcoxon test.ACCESSION NUMBERS
The microarray data of HeLa cells are deposited at GEO DataSets with the
accession number GSE33521.SUPPLEMENTAL INFORMATION
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The mammalian target of rapamycin (mTOR) path-
way, which is essential for cell proliferation, is
repressed in certain cell types in hypoxia. However,
hypoxia-inducible factor 2a (HIF2a) can act as a
proliferation-promoting factor in some biological
settings. This paradoxical situation led us to study
whether HIF2a has a specific effect on mTORC1
regulation. Here we show that activation of the
HIF2a pathway increases mTORC1 activity by upre-
gulating expression of the amino acid carrier
SLC7A5. At the molecular level we also show that
HIF2a binds to the Slc7a5 proximal promoter. Our
findings identify a link between the oxygen-sensing
HIF2a pathway and mTORC1 regulation, revealing
the molecular basis of the tumor-promoting proper-
ties of HIF2a in von Hippel-Lindau-deficient cells.
We also describe relevant physiological scenarios,
including those that occur in liver and lung tissue,
wherein HIF2a or low-oxygen tension drive mTORC1
activity and SLC7A5 expression.
INTRODUCTION
Cells are equipped with oxygen-sensing systems for mounting
an adaptive-programmed response in situations wherein oxygen
availability is limited. Hypoxia-inducible factors (HIF1, HIF2, and
HIF3) are central regulators of this cellular response. Indeed,
when oxygen is available, prolyl hydroxylases (PHD-1, PHD-2,
and PHD-3) act as O2 sensors, using O2 to hydroxylate critical
prolyl residues in HIFa subunits (Bruick and McKnight, 2001;
Epstein et al., 2001; Wang et al., 1995). Upon hydroxylation by
PHDs, these HIFa subunits are recognized by the von Hippel-
Lindau (VHL) factor, a component in the multiprotein E3 ubiquitinMolecligase complex, which marks them for subsequent degradation
by the proteasome machinery (Ivan et al., 2001; Jaakkola
et al., 2001). In conditions of hypoxia, PHDs do not have enough
O2 to hydroxylate these prolyl residues, thereby stabilizing the
HIFa subunits and activating the HIF-dependent transcriptional
program.
The mammalian target of rapamycin (mTOR) is a serine-threo-
nine kinase that senses and integrates signals from extracellular
stimuli. By responding to oxygen and amino acid availability and
energy status of the cell, mTOR plays a central role in cell growth
and proliferation (Schmelzle and Hall, 2000; Sonenberg and
Hinnebusch, 2009). The mTORC1 complex mediates the phos-
phorylation of 4EBP1 (eukaryotic initiation factor 4E-binding
protein) and p70-S6K (ribosomal protein 6 kinase), and these
two axes of the mTORC1 pathway are essential regulators of
protein translation (Hara et al., 2002; Kim et al., 2002; Sonenberg
and Hinnebusch, 2009). Phosphorylation of 4EBP1 by mTORC1
prevents its interaction with eIF4E, allowing assembly of the eIF4
complex and thereby promoting 50-cap-mRNA translation (So-
nenberg and Hinnebusch, 2009). Phosphorylation of p70-S6K
by mTORC1 drives phosphorylation of its target, the ribosomal
protein S6 (rpS6), an integral component of the 40S subunit of
the ribosome (Ma and Blenis, 2009; Sonenberg and Hinnebusch,
2009). The activity of mTORC1 is usually inhibited when oxygen
availability is limited, a mechanism thought to save ATP by
limiting energy-consuming events such as protein translation.
Such hypoxia-induced mTORC1 repression is mediated by
HIF-driven gene expression of Redd1 (Brugarolas et al., 2004;
Cam et al., 2010; DeYoung et al., 2008; Wolff et al., 2011).
Indeed, mTORC1 is inhibited by the GTPase-activating protein
tuberous sclerosis complex (TSC1-TSC2) (Kwiatkowski, 2003;
Li et al., 2004; Ma and Blenis, 2009; Manning and Cantley,
2003), and it is proposed that REDD1 directly binds to and
sequesters 14-3-3 proteins from TSC2, resulting in TSC activa-
tion and subsequent mTORC1 inhibition (DeYoung et al.,
2008). Another HIF1-dependent gene, bNIP3, has also been
implicated in hypoxia-dependent mTORC1 inhibition, becauseular Cell 48, 681–691, December 14, 2012 ª2012 Elsevier Inc. 681
Figure 1. Effects of HIF2a Activity on mTORC1 Activation in
WT8 Cells
(A) Western blot analysis of HIF2a and tubulin protein in HIF2a (P-A)2, HIF2a
(P-A)2bHLH*, and WT8 control cells.
(B) Relative Oct4 gene expression in HIF2a (P-A)2, HIF2a (P-A)2bHLH*,
and WT8 control cells. The mean is shown; error bars represent SEM (n = 6,
***p < 0.001).
(C) Cell lysates from control, HIF2a (P-A)2, and HIF2a (P-A)2bHLH* WT8 cells
cultured for 72 hr in normal culture media (left panel) or in media with 50% of
the normal amino acid content (right panel) were analyzed by western blot with
antibodies as shown.
See also Figure S1.
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HIF2a Activates mTORC1 Involving SLC7A5it decreases the activity of RHEB (Li et al., 2007), a small GTPase
necessary for mTORC1 activity and negatively regulated by
the TSC1-TSC2 complex (Kwiatkowski, 2003; Li et al., 2004;
Ma and Blenis, 2009; Manning and Cantley, 2003). In addition
to these HIF-dependent mechanisms, other essential HIF-
independent pathways have been shown to drive mTORC1
repression during hypoxia, such as those involving AMP-acti-
vated protein kinase (AMPK) (Liu et al., 2006; Wolff et al., 2011).
HIF1a attenuates cell proliferation (Carmeliet et al., 1998;
Goda et al., 2003; Gordan et al., 2007; Koshiji et al., 2004), and
this effect is partially mediated by this TSC-dependent mTORC1
inhibition (Liu et al., 2006) but also involves a HIF1a-dependent
repression of the proliferation-promoting transcription factor
c-myc (Gordan et al., 2007; Koshiji et al., 2004). A recent study
identified homozygous deletions of the HIF1a locus in 14q in
many clear cell renal cell carcinoma (CCRCC) cell lines, specifi-682 Molecular Cell 48, 681–691, December 14, 2012 ª2012 Elseviercally identifying HIF1a as a kidney cancer suppressor gene
(Shen et al., 2011). However, recent studies of VHL-deficient
cells that constitutively induce HIF isoforms in normoxic condi-
tions have demonstrated the proliferation and tumor-promoting
properties of the HIF2a isoform (Gordan et al., 2007; Gordan
et al., 2008; Kondo et al., 2003; Kondo et al., 2002; Raval et al.,
2005). A study of human renal cell carcinoma samples also
revealed that VHL-deficient carcinomas can be categorized as
those expressing both isoforms HIF1a and HIF2a and those
expressing HIF2a alone after loss of HIF1a (Gordan et al.,
2007). Those exclusively expressing HIF2a are larger in size
and grow more rapidly, in agreement with the proproliferative
properties of the HIF2a isoform (Gordan et al., 2007; Mandriota
et al., 2002; Raval et al., 2005). Constitutive HIF2a activation
also induces signs of proliferation in vivo in other biological
systems, such as in liver tissue (Kim et al., 2006). A recent study
in renal cell carcinoma demonstrated that, in contrast to HIF1a,
HIF2a regulates the expression of several c-myc-dependent
genes, such as p21 and cyclinD2, by promoting c-myc and
Max heterodimerization independently of HIF2a DNA binding
activity (Gordan et al., 2007).
These proliferation-promoting properties of HIF2a are difficult
to reconcile with the aforementioned mTORC1 repression
induced by HIF1a and HIF-independent pathways. Here we
show that activation of the HIF2a pathway in VHL-deficient
tumor cells increases mTORC1 activity by upregulating the
expression of SLC7A5, an amino acid carrier critical for its
activity. This HIF2a-SLC7A5 molecular axis is essential for
explaining the tumor-promoting properties of HIF2a in VHL-
deficient tumor cells. Moreover, we found that upon Vhl gene
inactivation in mice, endogenous HIF2a also drives both
mTORC1 activation and SLC7A5 expression in other biological
contexts in vivo. Importantly, we show that in lung tissue, both
hypoxia and HIF2a activation increase mTORC1 activity and
SLC7A5 expression, describing a hypoxic scenario leading to
mTORC1 activation rather than the repression found in some
other hypoxic contexts. We have thus shown that HIF2a
increases mTORC1 activity in different biological systems,
defining a link between the oxygen-sensing HIF2a pathway
and mTORC1 regulation.
RESULTS
The HIF2a Pathway Induces mTORC1 Activity
To assess the role of HIF2a in the regulation of mTORC1 activity,
we used ectopically expressed active and inactive forms of
HIF2a in WT8 cells, a cellular model widely used for exploring
the biological functions of HIF2a in tumor cells derived from renal
cell carcinomas (Kondo et al., 2003; Kondo et al., 2002; Raval
et al., 2005). We generated transfectants in WT8 cells that
expressed a transcriptionally active and stable form of HIF2a
(HIF2a (P-A)2) or its corresponding DNA binding domain mutant
(HIF2a (P-A)2bHLH*) (see Supplemental Experimental Proce-
dures available online). Both HIF2a forms were efficiently ex-
pressed in HIF2a (P-A)2 WT8 and HIF2a (P-A)2bHLH* WT8 cells
compared withWT8 control cells (Figure 1A).Oct4, a well-recog-
nized HIF2a-dependent gene (Covello et al., 2006), was regu-
lated as expected (Figure 1B). The activity of mTORC1 wasInc.
Figure 2. Contribution of SLC7A5 Expression to HIF2a-Dependent
mTORC1 Activation
(A) Left panel, relative Slc7a5 gene expression in HIF2a (P-A)2, HIF2a
(P-A)2bHLH*, HIF1a (P-A)2, and WT8 cells. The mean is shown, and error bars
represent SEM (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001). Right panel, relative
bNIP3 gene expression in HIF2a (P-A)2, HIF1a (P-A)2, and WT8 control
cells (n = 4). The mean is shown; error bars represent SEM (n = 4, *p < 0.05,
***p < 0.001).
(B) Western blot analyses of SLC7A5 and tubulin protein levels in HIF2a (P-A)2,
HIF2a (P-A)2bHLH*, and WT8 control cells.
(C) WT8 control cells were transfected with scrambled control small interfering
RNA (siSCR), and HIF2a (P-A)2WT8 cells were transfected with either siSCR or
siRNA against Slc7a5 (siSLC7A5). The cells were subsequently cultured for
72 hr in media with 50% of the normal amino acid content. Whole-cell extracts
were analyzed by western blot with antibodies indicated.
See also Figure S2.
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ylated forms of 4EBP1 and rpS6 (Cam et al., 2010; Sonenberg
and Hinnebusch, 2009). In normal culture media, the phosphor-
ylation levels of 4EBP1 (assessed with antibodies for phospho-
4EBP1Ser65 and phospho-4EBP1Thr37/46) and rpS6 (assessed
with an antibody for phospho-rpS6Ser235/6) were similar in
HIF2a (P-A)2 WT8, HIF2a (P-A)2bHLH* WT8, and control WT8
cells (Figure 1C). We then investigated whether HIF2a (P-A)2
could induce mTORC1 activity in WT8 control cells when basal
mTORC1 activity was decreased. As mTORC1 activity is depen-
dent on extracellular amino acid concentration (Hara et al., 2002;
Nicklin et al., 2009; Wang et al., 1998), we included an additional
condition in these experiments: cells were cultured in media
containing 50% of the normal amino acid concentration.MolecAssessment of total 4EBP1 protein under these limiting amino
acid conditions revealed that the majority of 4EBP1 in WT8
control cells was present in the lower band, indicative of hypo-
phosphorylation and 4EBP1 inactivation. By contrast, the
majority of 4EBP1 was present in the upper band in HIF2a
(P-A)2 WT8 cells, indicative of hyperphosphorylation and
4EBP1 activation. Moreover, anti-p4EBP1Ser65 revealed a more
marked 4EBP1 phosphorylation of this Ser65 position in WT8
cells expressing HIF2a (P-A)2. These upper bands were also de-
tected when the membranes were probed with a p4EBP1Thr37/46
antibody. This effect was entirely dependent on HIF2a DNA-
binding activity, as the phospho-4EBP1 levels in WT8 cells ex-
pressing HIF2a (P-A)2bHLH* were similar to those ofWT8 control
cells (Figure 1C). Likewise, phospho-rpS6Ser235/6 levels were
markedly higher in HIF2a (P-A)2WT8 cells comparedwith control
and HIF2a (P-A)2bHLH* WT8 cells (Figure 1C). This effect was
specifically driven by HIF2a (P-A)2, because mTORC1 activity
was not induced in HIF1a (P-A)2 WT8 cells that express a consti-
tutively active form of HIF1a (Figure S1). Collectively, these data
indicate that HIF2a sustains mTORC1 activity when amino acid
supply is a limiting factor.
SLC7A5, an Activator of mTORC1, Is Specifically
Induced by HIF2a
Based on these results, we investigated the molecular mecha-
nisms linking HIF2a activity with mTORC1 activation. The amino
acid carriers SLC1A5 (ASCT2) and SLC7A5 (LAT1) are critical in
sustaining mTORC1 activity (Fuchs and Bode, 2005; Nicklin
et al., 2009). We investigated whether HIF2a could alter the
expression of these mTORC1 activators and found that Slc7a5
gene expression was markedly induced in HIF2a (P-A)2
WT8 cells compared with either WT8 control cells or HIF2a
(P-A)2bHLH* WT8 cells (Figure 2A). By contrast, ASCT2 RNA
levels were minimally affected in HIF2a (P-A)2 cells (data not
shown). This effect was specifically driven by HIF2a, because
HIF1a (P-A)2 WT8 cells showed a modest inhibition of Slc7a5
gene expression in parallel to the expected induction of bNIP3
(Figure 2A), which is a well-recognized HIF1a-dependent gene
(Raval et al., 2005). Western blots also revealed an increase in
SLC7A5 protein levels in HIF2a (P-A)2 WT8 cells (Figure 2B). To
determine whether elevated SLC7A5 expression is responsible
for HIF2a-dependent mTORC1 activation, we next silenced
Slc7a5 gene expression in HIF2a (P-A)2 WT8 cells. This resulted
in a marked repression of mTORC1 activity in HIF2a (P-A)2 WT8
cells to near-control levels in WT8 control cells (Figure 2C).
Indeed, total 4EBP1 and p4EBP1Thr37/46 western blot analysis
showed that Slc7a5 gene silencing markedly increased the
proportion of the lower 4EBP1 band, indicative of the hypophos-
phorylation and 4EBP1 inactivation (Figure 2C). Similarly, HIF2a
(P-A)2 was much less efficient in promoting rpS6 hyperphos-
phorylation when Slc7a5 gene expression was reduced (Fig-
ure 2C). This partial silencing of SLC7A5 expression did not
inhibit mTORC1 when cells were cultured in media with normal
amino acid content (Figure S2A). In line with the involvement of
SLC7A5 on HIF2a-dependent mTORC1 activity, HIF2a (P-A)2
WT8 cells also preserved mTORC1 activity when cultured in
media with a specifically reduced content of essential amino
acids and glutamine (data not shown), which are those aminoular Cell 48, 681–691, December 14, 2012 ª2012 Elsevier Inc. 683
Figure 3. Effect of Endogenous HIF2a on mTORC1 Activity and
SLC7A5 Expression in 786-O VHL-Deficient Cells
Western blot analysis with antibodies as shown in (A) HIF2a-silenced 786-O
cells and their corresponding control siSCR-transfected 786-O cells 72 hr after
transfection, (B) 786-O and their counterparts in which VHL expression was
restored (786-O-VHL), and (C) SLC7A5-silenced 786-O cells and their corre-
sponding control 786-O-shSCR cells. All these experiments were performed
by culturing 786-O cells for 48 hr in media with 5% of the normal content of
essential amino acids and glutamine.
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(Fuchs and Bode, 2005; Nicklin et al., 2009). Furthermore,
silencing of RagA and RagB, previously identified as central
mediators of essential-amino-acid-dependent mTORC1 activity
(Kim et al., 2008; Sancak et al., 2008), also compromised
mTORC1 activity in HIF2a (P-A)2 WT8 cells (Figure S2B). All
these data suggest that below a certain threshold of extracellular
amino acid content, HIF2a-dependent SLC7A5 expression
becomes a limiting factor for mTORC1 activity. This may reflect
the fact that amino acid levels in normal culture media exceed
those normally encountered by cells in vivo.
We next studied the role of endogenous HIF2a on the
mTORC1 pathway and SLC7A5 expression using the VHL-defi-
cient renal cell carcinoma cell line 786-O, which constitutively
expresses endogenous HIF2a in normoxia (Kondo et al., 2002).
Importantly, silencing of endogenous HIF2a resulted in amarked
repression of mTORC1 activity and SLC7A5 expression in 786-O
VHL-deficient cells when cells were cultured specifically inmedia
with reduced content of essential amino acids and glutamine
(Figure 3A), but not in media with normal amino acid content
(data not shown). Indeed, silencing of HIF2amarkedly increased
the predominance of the lower 4EBP1 band, indicative of 4EBP1
inactivation, and also reduced rpS6 hyperphosphorylation levels
(Figure 3A). Similar effects on mTORC1 activity and SLC7A5
expression were observed when HIF2a was repressed by
restoring VHL expression in 786-O cells (Figure 3B). To assess
the relative contribution of the HIF2a-dependent increase in
SLC7A5 expression to mTORC1 activity in 786-O cells, we
generated the 786-O-shSLC7A5 cell line, in which SLC7A5
expression was silenced to levels similar to those obtained after
HIF2a silencing (see Figures 3A and 3C). Importantly, the levels
of phospho-rpS6 decreased markedly following SLC7A5
silencing compared with their corresponding control 786-O-684 Molecular Cell 48, 681–691, December 14, 2012 ª2012 ElseviershSCR cells (Figure 3C). Moreover, 786-O-shSLC7A5 also
showed a predominance of the lower 4EBP1 band, indicative
of 4EBP1 inactivation, compared with 786-O-shSCR cells (Fig-
ure 3C). Collectively, these data indicate that endogenous
HIF2a expression in 786-O cells also regulates mTORC1 activity
via SLC7A5 when the amino acid supply is limited.
HIF2a Binds to the Slc7a5 Proximal Promoter
The above results led us to explore whether SLC7A5was a direct
target of HIF2a. We next investigated whether HIF2a binds to the
regulatory DNA sequences at the Slc7a5 locus. Sequence anal-
ysis revealed that the human proximal promoter of Slc7a5
contains two potential HIF binding sites at positions 112 and
458 (Figure 4A). Chromatin immunoprecipitation (ChIP) assay
with HIF2a (P-A)2 WT8, HIF2a (P-A)2bHLH* WT8, and WT8
control cells showed that HIF2a binding activity to the Slc7a5
proximal promoter, but not to Slc7a5 intron 1, was augmented
in HIF2a (P-A)2 WT8 cells compared with HIF2a (P-A)2bHLH*
andWT8 control cells (Figure 4B). Moreover, constitutive binding
of endogenous HIF2a to the Slc7a5 proximal promoter, but not
to Slc7a5 intron 1, was observed in 786-O control cells when
compared with 786-O-VHL cells (Figure 4C). A parallel analysis
under identical experimental conditions in HIF1a (P-A)2 WT8
cells revealed no binding of HIF1a to the Slc7a5 proximal
promoter, whereas binding was observed to the promoter of
pyruvate dehydrogenase kinase 1 (Pdk1), a well-recognized
HIF1a-responsive gene (Supplemental Experimental Proce-
dures and Figure S3). Taken together, these findings indicate
that HIF2a specifically binds directly to the Slc7a5 proximal
promoter through its DNA binding domain, and it therefore
contributes to Slc7a5 gene expression.
HIF2a Induces Renal Cell Carcinoma Cell Proliferation
and Xenograft Growth via SLC7A5
HIF2a expression in renal cell VHL-deficient carcinoma has been
shown to accelerate tumor growth (Kondo et al., 2003; Kondo
et al., 2002; Raval et al., 2005). Thus, we first investigated the
contribution of the HIF2a-SLC7A5 pathway to cell proliferation
in HIF2a (P-A)2 WT8 cells. These cells did not proliferate more
rapidly than WT8 control cells or HIF2a (P-A)2bHLH* WT8
cells when cultured in media with normal amino acid content.
Indeed, a trend toward decreased proliferation was observed,
although this did not differ significantly compared with HIF2a
(P-A)2bHLH* WT8 cells (Figure 5A). Given the role of SLC7A5
as an amino acid carrier, we investigated whether HIF2a can
confer a proliferative advantage when cells are grown in condi-
tions of limited amino acid availability. In media with 5% of the
normal amino acid concentration, HIF2a (P-A)2 WT8 cells
showed a higher proliferation rate than WT8 control cells or
HIF2a (P-A)2bHLH* WT8 cells (Figure 5A). Moreover, none of
the cell lines analyzed exhibited signs of apoptosis in these
conditions (data not shown), and proliferation was maintained,
although at a lower rate than in normal amino acid media.
Importantly, both silencing of Slc7a5 gene expression and
pharmacological inhibition of mTORC1 by rapamycin diminished
the proliferative advantage of HIF2a (P-A)2 WT8 cells in media
with low amino acid content (Figures 5B and 5C). This supports
the role of the HIF2a-SLC7A5-mTORC1 molecular axis in thisInc.
Figure 4. HIF2a Binds to the Slc7a5 Prox-
imal Promoter
(A) Schematic representation of the human Slc7a5
gene indicating the positions of the proximal
promoter and intron 1 and the nucleotide se-
quences corresponding to the putative hypoxia-
response elements highlighted in bold.
(B and C) ChIP assay to assess the relative HIF2a
binding activity to the human Slc7a5 proximal
promoter or intron 1 in (B) HIF2a (P-A)2, HIF2a
(P-A)2bHLH*, and WT8 control cells or (C) 786-O
and their counterparts in which VHL expression
was restored (786-O-VHL). Representative gel
showing DNA amplified in the ChIP assays is
shown. The mean is shown; error bars represent
SEM (n = 5, *p < 0.05). IgG, immunoglobulin G.
See also Figure S3.
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supply is limited, a scenario thought to mimic the intratumoral
environment during tumor growth (Marjon et al., 2004).
To address the role of the HIF2a-SLC7A5 pathway in tumor
growth in vivo, we used the 786-O cellular model that has been
widely used for assessing the protumoral properties of HIF2a
in renal cell carcinoma (Kondo et al., 2003; Raval et al., 2005).
For this purpose, we used 786-O-shSLC7A5 cells in which
SLC7A5 expression was reduced to similar levels found upon
HIF2a silencing in 786-O cells (see Figures 3A and 3C). Impor-
tantly, the xenograft growth capability of 786-O-shSLC7A5 cells
was markedly suppressed compared with 786-O-shScrambled
control cells (Figure 5D). Indeed, after 45 days of subcutaneous
injection, the 786-O-shSLC7A5 xenograft size (mm3) was mark-
edly reduced (345.6 ± 89 in 786-O-shScrambled xenografts
versus 56.62 ± 16 in 786-O-shSLC7A5 xenografts; n = 18;
p = 0.0039). These findings indicate that HIF2a-dependentMolecular Cell 48, 681–691, DSLC7A5 expression is critical for explain-
ing the tumor-promoting properties of
HIF2a in 786-O cells when these cells
encounter the intratumoral environment,
presumably with a limited supply of
amino acids (Marjon et al., 2004).
To pursue a possible clinical value
for our data, we also investigated
SLC7A5 expression in nephrectomy
samples from patients with VHL-deficient
CCRCCs or patients with non-clear cell
renal cell carcinomas (NCRCCs). All
CCRCCs (n = 5) showed elevated expres-
sion of carbonic anhydrase IX (Caix)
(Figure S4), a previously identified HIF-
dependent gene markedly elevated in
CCRCCs as compared with healthy
tissue (Mandriota et al., 2002; Raval
et al., 2005). A parallel western blot anal-
ysis showed that total SLC7A5 signal,
present as two bands, was increased in
CCRCCs compared with healthy renal
tissue and correlated with the CAIX signal(Figure S4). These two bands were identified as SLC7A5 via
probing with four different antibodies for SLC7A5 (data not
shown). CCRCC sample #4 did not show induction of SLC7A5
expression, which is in line with a much weaker elevation of
CAIX expression in this particular sample. Moreover, neither
CAIX expression nor SLC7A5 western blot signal was markedly
altered in NCRCCs analyzed (n = 3), as observed in CCRCCs
(Figure S4). Taken together with the aforementioned xenograft
data, these findings show the importance of the HIF2a-SLC7A5
pathway in the CCRCC progression underlying the tumoral and
proliferative properties of HIF2a.
HIF2a Regulates Slc7a5 Gene Expression and mTORC1
Activity in Mice upon Vhl Gene Inactivation or Hypoxic
Exposure In Vivo
We next explored whether the HIF2a-mTORC1 activatory
pathway is present in other biological scenarios. We reasonedecember 14, 2012 ª2012 Elsevier Inc. 685
Figure 5. Role of the HIF2a-Dependent
SLC7A5 Pathway in Cell Proliferation and
Xenograft Growth
(A) Cell number fold induction in control, HIF2a
(P-A)2, and HIF2a (P-A)2bHLH* WT8 cells cultured
for 72 hr in normal media (left panel) or in media
containing 5% of the normal amino acid concen-
tration (right panel). Statistical significance was
indicated only when HIF2a (P-A)2 proliferation
differed significantly from that of both HIF2a
(P-A)2bHLH* WT8 and control WT8 cells. The
mean is shown; error bars represent SEM (n = 4,
*p < 0.05, **p < 0.01.
(B) WT8 control cells were transfected with
scrambled control siRNA (siSCR), and HIF2a
(P-A)2 WT8 cells were transfected with either
siSCR or siRNA for Slc7a5 (siSLC7A5). Twenty-
four hours after transfection, cells were seeded at
the same cell density in media containing 5% of
the regular amino acid concentration, and the
increase in cell number was analyzed after 72 hr.
The mean is shown; error bars represent SEM
(n = 4, *p < 0.05, ***p < 0.001).
(C) WT8 control cells and HIF2a (P-A)2 WT8 cells
were treated with rapamycin (20 nM) and cultured
in media containing 5% of the regular amino acid
concentration. The increase in cell number was
analyzed after 72 hr. The mean is shown; error
bars represent SEM (n = 8, **p < 0.01).
(D) Tumor-volume evolution (Vol) over a 45 day
period of SLC7A5-silenced 786-O cells (white
squares) and their corresponding control 786-O-
shSCR cells (black squares) injected subcutane-
ously in the dorsal flanks of immunosuppressed
severe combined immunodeficiency mice, as
detailed in the Experimental Procedures section.
The mean is shown; error bars represent SEM
(n = 18, *p < 0.05, **p < 0.01).
See also Figure S4.
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response to hypoxia for two reasons: first, the lung exhibits
the highest levels of HIF2a gene expression in rodents
(Wiesener et al., 2003), and second, hypoxia promotes pro-
proliferative responses in the lung (Brusselmans et al., 2003;
Niedenzu et al., 1981). Mice were exposed for 4 days to hypoxic
conditions (10% O2), a widely used experimental protocol for
studying pulmonary HIF2a-dependent biological responses in
hypoxia in vivo that lead to HIF2a protein expression in the
lung (Brusselmans et al., 2003). Western blot analysis revealed686 Molecular Cell 48, 681–691, December 14, 2012 ª2012 Elsevier Inc.that levels of phosphorylated rpS6
were markedly increased in the lungs of
hypoxic mice (Figure 6A). Moreover,
hypoxia resulted in 4EBP1 activation, as
demonstrated by the increased in phos-
pho-4EBP1 levels assessed with the
anti-p4EBP1Ser65 and p4EBP1Thr37/46
antibodies, preferentially in the upper
band when p4EBP1Thr37/46 antibody was
used (Figure 6A). An rpS6-Ser235/6 immu-
nostaining to localize mTORC1 activationin lung tissue revealed that hypoxia-induced mTORC1 was
markedly increased in the bronchial epithelium of hypoxic mice
(Figure 6B), resulting in a significant increase in the number of
rpS6-Ser235/6 positive bronchial epithelial cells (Figure 6B). We
then asked whether HIF2a activation was enough to mimic this
localized mTORC1 activation in the lungs. For this purpose, we
used adult Vhlfl-UBC-Cre-ERT2 mice in which the expression of
Vhl, a central repressor of HIF activity, can be acutely inactivated
(Miro´-Murillo et al., 2011), as well as VhlflHIF2afl-UBC-Cre-ERT2
mice in which Vhl and HIF2a can be simultaneously inactivated
Figure 6. Hypoxia and HIF2a-Dependent
mTORC1 Activity and Slc7a5 Expression in
Lung Tissue
(A) Wild-type mice were exposed to hypoxia (10%
O2) (Hx10%) or normoxia (N) for 4 days. Protein
extracts from the lungs were analyzed by western
blots with antibodies as shown.
(B) Lung phospho-rpS6Ser235/6 immunostaining of
mice exposed to normoxia or hypoxia (10%O2) for
4 days and in Vhlfl-UBC-Cre-ERT2, VhlflHIF2afl-
UBC-Cre-ERT2, and the corresponding control
mice. Quantification of the number of bronchial
epithelial cells positive for phospho-rpS6Ser235/6
staining in wild-type mice exposed to hypoxia
(n = 4) or normoxia (n = 4) as well as Vhlfl-UBC-Cre-
ERT2 (n = 4), VhlflHIF2afl-UBC-Cre-ERT2 (n = 4),
and the corresponding control mice (n = 3). Five
airways were analyzed for each animal, and >1500
cells were analyzed for each group.
(C) Relative expression of Slc7a5 gene in the lungs
of normoxic (n = 7) and hypoxic mice (n = 6),
and Slc7a5 and Pgk1 in Vhlfl-UBC-Cre-ERT2 mice
(n = 5), VhlflHIF2afl-UBC-Cre-ERT2 mice (n = 5),
and the corresponding controls (n = 6).
See also Figure S5. For (B) and (C), the mean is
shown, and error bars represent SEM (*p < 0.05,
**p < 0.01, ***p < 0.001).
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elevated in the lungs of Vhlfl-UBC-Cre-ERT2 mice, but not Vhlfl
HIF2afl-UBC-Cre-ERT2 mice (Figure S5B). HIF1a protein levels
were induced in both Vhlfl-UBC-Cre-ERT2 and VhlflHIF2afl-
UBC-Cre-ERT2 mice (Figure S5B). Importantly, the localized
hypoxia-induced mTORC1 activation in bronchial epithelium
was nicely mimicked when HIF2a was activated in the lung (Fig-
ure 6B). Indeed, the number of rpS6-Ser235/6 positive bronchial
epithelial cells was increased in the lungs of Vhlfl-UBC-Cre-
ERT2 mice, and this effect was dependent on HIF2a because it
was not observed when Vhl and HIF2a were simultaneously in-
activated in the VhlflHIF2afl-UBC-Cre-ERT2 mice (Figure 6B). A
further analysis showed that Slc7a5 gene expression was mark-
edly induced in the lungs of mice exposed to low-oxygen
tension, as well as upon Vhl gene inactivation in Vhlfl-UBC-
Cre-ERT2 mice, but not in VhlflHIF2afl-UBC-Cre-ERT2 mice (Fig-
ure 6C). This effect on Slc7a5 gene expression was specific, inMolecular Cell 48, 681–691, Dthat elevation of phosphoglycerate
kinase 1 (Pgk1), a well-recognized
HIF1a-dependent gene in vivo (Rankin
et al., 2007), was not reduced in Vhlfl
HIF2afl-UBC-Cre-ERT2 mice (Figure 6C).
These data indicate that low-oxygen
tension as well as HIF2a induction
drive mTORC1 activation and increased
Slc7a5 expression in lung tissue and,
importantly, define a hypoxic setting trig-
gering mTORC1 activation.
Constitutive HIF2a activation has also
been associated with signs of cell prolif-
eration in liver tissue in vivo (Kim et al.,2006). We then investigated whether HIF2a also drives mTORC1
activation in the liver. Upon Vhl gene inactivation in Vhlfl-UBC-
Cre-ERT2 mice, HIF2a was elevated in the liver, whereas HIF1a
was more modestly induced (Figure 7A). As expected, when
Vhl and HIF2a were inactivated simultaneously in VhlflHIF2afl-
UBC-Cre-ERT2 mice (Figure S6A), HIF2a protein levels were
undetectable, whereas modest HIF1a expression was still
present (Figure 7A). Western blot analysis showed that both
4EBP1 and p70-S6K phosphorylation levels were induced in
Vhlfl-UBC-Cre-ERT2 mice, but not in VhlflHIF2afl-UBC-Cre-ERT2
mice (Figure 7A), demonstrating the role of HIF2a in the activa-
tion of themTORC1 pathway in the liver. Amore detailed analysis
in hepatocytes showed that basal hepatocyte rpS6-Ser235/6 and
SLC7A5 signal intensities were increased upon Vhl gene inacti-
vation, and this increase was markedly suppressed when Vhl
and HIF2a were simultaneously inactivated (Figures S6B and
7B). In a parallel analysis, Slc7a5 gene expression, as well asecember 14, 2012 ª2012 Elsevier Inc. 687
Figure 7. HIF2a-Dependent mTORC1 Activ-
ity and SLC7A5 Expression in VHL-Deficient
Liver Tissue
(A) Protein extracts from the livers of Vhlfl-UBC-
Cre-ERT2, VhlflHIF2afl-UBC-Cre-ERT2, and the
corresponding control mice were analyzed by
western blots with the indicated antibodies.
(B) SLC7A5 immunostaining of liver tissue (hepa-
tocytes) from Vhlfl-UBC-Cre-ERT2, VhlflHIF2afl-
UBC-Cre-ERT2, and corresponding control mice.
Relative expression of Slc7a5 and Pgk-1 genes
in the livers of Vhlfl-UBC-Cre-ERT2 (n = 7),
VhlflHIF2afl-UBC-Cre-ERT2 (n = 6), and corre-
sponding control mice (n = 7).
Themean is shown; error bars represent SEM (*p <
0.05, **p < 0.01, ***p < 0.001). See also Figure S6.
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gene inactivation (Figure 7B). In VhlflHIF2afl-UBC-Cre-ERT2
mice, this elevation of Slc7a5 expression was impaired, whereas
Pgk1 gene expression was not repressed (Figure 7B). Taken
together, these findings indicate that HIF2a activation also
increases mTORC1 activity and SLC7A5 expression in liver
tissue, demonstrating therefore that this HIF2a-dependent
pathway is present in different relevant physiological scenarios.
Our data indicate that HIF2a drives mTORC1 activity and
SLC7A5 expression in different tumoral and nontumoral
scenarios and, importantly, define the hypoxic lung as a relevant
physiological context leading to hypoxia-induced mTORC1
activation instead of mTORC1 inhibition, as occurs in other
hypoxic settings.688 Molecular Cell 48, 681–691, December 14, 2012 ª2012 Elsevier Inc.DISCUSSION
Cell-autonomous proliferation can be
repressed when oxygen is scarce,
limiting energy-consuming processes
through HIF-dependent or -independent
pathways (Koshiji et al., 2004; Liu et al.,
2006). Conversely, the HIF2a isoform
has emerged as a proliferation-promot-
ing factor in VHL-deficient tumor cells,
although the underlying molecular mech-
anisms and the nontumoral scenarios in
which this occurs remain poorly under-
stood (Gordan et al., 2007; Gordan
et al., 2008; Shen et al., 2011). Here we
show that HIF2a acts as a potent
mTORC1 activator via the amino acid
carrier Slc7a5, a HIF2-dependent gene,
thus describing a molecular basis for the
proliferation- and tumor-promoting prop-
erties of HIF2a in VHL- deficient cells (see
the model in Figure S7).
Previous studies have established that
hypoxia represses mTORC1 activity via
both HIF1-dependent and HIF-indepen-
dent pathways (Brugarolas et al., 2004;
Liu et al., 2006). Remarkably, our presentstudy reveals an opposite effect of HIF2a, which promotes
mTORC1 activation via SLC7A5. Importantly, we found that in
mice, HIF2a activation (upon Vhl gene inactivation) or hypoxia
exposure (10% O2) lead to mTORC1 activation in lung tissue
without the apparent competition of the aforementioned HIF1-
dependent and -independent mTORC1 inhibitory responses.
Moreover, this mTORC1 activation upon HIF2a induction in
lung tissue, as well as in liver tissue, takes place with a concom-
itant HIF1a activation. These observations suggest that
mTORC1 activation via the HIF2a-SLC7A5 pathway overrides
other possible pathways mediating hypoxia-induced mTORC1
inhibition that could be executed simultaneously in lungs or
livers. Previous studies have shown that the HIF1a-REDD1
pathway does not lead to mTORC1 inhibition in certain tissues,
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the lung tissue, in line with our findings. This may explain why
mTORC1 activation is observed in the liver and lung upon Vhl
gene inactivation despite the observed parallel induction of
HIF1a activity in Vhlfl-UBC-Cre-ERT2 mice. Taken together, the
contrasting effects of the different oxygen-sensing pathways
on mTORC1 activity indicate that hypoxia can drive mTORC1
activation or inhibition depending on the cell type or tissue and
possibly also on the severity and duration of hypoxic challenge,
among other variables. Another context in which the HIF2-
SLC7A5 pathway is operative is in VHL-deficient renal cell
carcinoma cells, in which expression of the HIF2a isoform is
constitutively elevated and critical for the progression of these
carcinomas. Importantly, HIF2a is activated in normoxic condi-
tions in these cells, and thus HIF2a-dependent mTORC1 activa-
tion cannot be counteracted by the HIF1-dependent and
HIF-independent pathways that repress mTORC1. In addition,
a recent study reported that mTORC1 activity is not affected
by REDD1 in VHL-deficient 786-O renal cell carcinoma cells
(Kucejova et al., 2011). This study is in line with our observations
showing that HIF1a does not repress mTORC1 in WT8 cells, as
described here for HIF1a (P-A)2 WT8 cells.
When discussing the mechanisms by which HIF2a exerts its
protumoral activities in these cells, it should be noted that
silencing of endogenous HIF2a in VHL-deficient cells, such as
786-O cells, markedly suppresses their tumor growth capability
without altering their in vitro cell proliferation in normal culture
media (Kondo et al., 2003; Raval et al., 2005). These observa-
tions indicate that HIF2a favors renal cell carcinoma cell prolifer-
ation in the tumor microenvironment. Silencing of SLC7A5
expression in 786-O cells also results in a marked suppression
of their xenograft growth capability, whereas cell proliferation
is unchanged when cells are cultured in normal culture media
(data not shown). HIF2a-dependent SLC7A5 expression is
therefore critical for the proliferation of 786-O cells in the intra-
tumoral context. Indeed, our findings demonstrate that the
HIF2a-induced cell proliferation advantage, via SLC7A5, occurs
when amino acid availability is more limited than in normal in vitro
cell culture conditions, a situation thought to mimic the environ-
ment of the inner core of tumors (Marjon et al., 2004). In light of
the biological significance of SLC7A5 as an amino acid carrier,
our findings indicate that the HIF2a-SLC7A5-mTORC1 pathway
is not a limiting factor when extracellular amino acid supply is
abundant, yet it is essential for preserving mTORC1 activity
when amino acid supply is reduced. Moreover, it should be
noted that the amino acid levels encountered in vivo by normal
cells such as bronchial epithelial cells and hepatocytes may
also be limiting when compared with those of normal culture
media. Accordingly, these cells would also require the induction
of SLC7A5 via HIF2a to accelerate amino-acid-dependent
mTORC1 activation.
Our data show that SLC7A5 expression is induced in human
samples of VHL-deficient CCRCCs. Previous studies reported
that HIF2a is present in all CCRCCs analyzed (Gordan et al.,
2008), and therefore SLC7A5 regulation can occur as soon as
CCRCCs express HIF2a, considering that Slc7a5 is a direct
HIF2a target gene. Expression of the amino acid transporter
SLC7A5 is upregulated in numerous human cancers and is impli-Moleccated in the growth and survival of several cancer cell lines (re-
viewed in Fuchs and Bode, 2005). However, the molecular
mechanisms that regulate this carrier remain largely unknown.
Here, we describe a molecular mechanism that regulates
Slc7a5 transcription, identifying Slc7a5 as a HIF2-responsive
gene. Our analysis shows that the binding of HIF2a to the prox-
imal promoter of the Slc7a5 gene is specific because it is not
observed when HIF1a is constitutively present in HIF1a (P-A)2
WT8 cells. Further investigation will be required for under-
standing how the Slc7a5 proximal promoter specifically favors
the binding of the HIF2a isoform.
In summary, we describe a link between HIF pathways and
mTORC1 activation involving the HIF2a-SLC7A5-mTORC1
axis, thus providing a molecular basis for the proliferation- and
tumor-promoting properties of HIF2a. Moreover, we define rele-
vant physiological scenarios, including those that occur in lung
and liver tissue, in which HIF2a drives mTORC1 activation, in




Retroviral vectors encoding HIF2a (P-A)2, HIF2a (P-A)2bHLH*, and HIF1a (P-
A)2 were used to generate stable transfectants in WT8 cells (see Supplemental
Information). WT8 cells infected with the pBABE empty vector were used as
WT8 control cells. Retroviral vectors pRV-VHL and pRV control were also
used to generate stable transfectants in 786-O-pRV (control 786-O cells)
and 786-O-pRV-VHL (786-O-VHL cells) (Kondo et al., 2003).
SLC7A5 (sc-62555-V) and control (sc-108080) small hairpin RNA (shRNA)
lentiviral particles (from Santa Cruz Biotechnology) were used to generate
stable transfectants in the 786-O cells, 786-O-shSLC7A5 cells, and their cor-
responding control 786-O-shSCR cells. All cells weremaintained in RPMI 1640
with GlutaMAX-I (GIBCO) supplemented with 100 units/ml penicillin, 100 mg/ml
streptomycin, and 10% fetal bovine serum (FBS, Cultek). To prepare mediums
with lower amino acid content, normal RPMI media was diluted with the corre-
sponding volume of amino-acid-free RPMI. Mediums with reduced content of
essential amino acids and glutamine were prepared by adding the corre-
sponding volumes of both essential and nonessential amino acids to amino-
acid-free RPMI. All amino-acid-deprived mediums were supplemented with
10% dialyzed FBS (Sigma-Aldrich). Cells were routinely cultured in 21% O2
and 5% CO2 (normoxic conditions). Rapamycin was purchased from Sigma-
Aldrich.
Mice
Vhlfl-UBC-Cre-ERT2 mice and gene inactivation by exposure to tamoxifen diet
were described previously (Miro´-Murillo et al., 2011). VhlflHIF2afl-UBC-Cre-
ERT2 mice were generated through the appropriate crosses using
Epas1tm1Mcs/J mice (Jackson Laboratories, stock no. 008407). To induce
hypoxia in vivo, mice were placed in an airtight chamber with inflow and
outflow valves, which was infused with a mixture of 10% O2 and 90% N2 (Car-
buros Meta´licos).
Ethics Statements
All mouse experimental procedures were approved by the research ethics
committee at the UAM (Autonomous University of Madrid) and were carried
out under the supervision of the Head of Animal Welfare and Health at the
UAM, in accordance with Spanish and European guidelines (B.O.E, 18 March
1988, and 86/609/EEC European Council Directives).
Fresh human samples were obtained frompatients diagnosed and surgically
treated in the Urology Department of the University Complex of Albacete,
under the supervision of the local ethical committee and the pathologist,
with the purpose of not interfering in the histological evaluation.ular Cell 48, 681–691, December 14, 2012 ª2012 Elsevier Inc. 689
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Data were expressed as themean ± SEM, and the differences between groups
were analyzed using a two-tailed Student’s t test.
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Figure S1. Effects of HIF1α Activity on mTORC1 Activation in WT8 Cells, 
Related to Figure 1  
Western blot analysis of HIF1α, tubulin, total 4EBP1 and total rpS6, as well as 
phosphorylated 4EBP1 and rpS6 residues indicated in HIF1α (P-A)2 WT8 and 
WT8 control cells cultured for 72 hours in media with 50% of the normal amino 
acid content.  
 Figure S2. Contribution of SLC7A5 Expression to mTORC1 Activation in 
Normal Media, and mTORC1 Activity in RagA- and RagB-Silenced HIF2α 
(P-A)2 WT8 cells in Low-Amino-Acid Media, Related to Figure 2  
(A) WT8 control cells were transfected with scrambled siRNA control (siSCR) 
and HIF2α (P-A)2 WT8 cells were transfected with either siSCR or siRNA 
against Slc7a5 (siSLC7A5), and subsequently cultured for 72 hours in media 
with normal amino acid content. Whole cell extracts were analyzed by Western 
blot using antibodies against HIF2, SLC7A5, tubulin, total and phospho-4EBP-
1 indicated as well as total and phospho-rpS6 indicated. (B) HIF2α (P-A)2 WT8 
cells were transfected with either siSCR or siRNAs against RagA and RagB, 
and subsequently cultured for 72 hours in media with 50% of the normal amino 
acid content. RagA and RagB gene expression was silenced by 86% and 71% 
respectively. Whole cell extracts were analyzed by Western blot using 
antibodies against tubulin, total and phospho-4EBP1 indicated as well as total 
and phospho-rpS6 indicated.  
 Figure S3. ChIP Assay Analysis of HIF1α Binding to the Human Slc7a5 
Promoter, Related to Figure 4  
ChIP assay analysis of HIF1α binding to the human Slc7a5 proximal promoter, 
intron 1 and the Pdk1 regulatory sequences in HIF1α (P-A)2 WT8 and WT8 
control cells. Anti-HA antibodies were used for these ChIP assays as HIF1α (P-
A)2 is a HA-tagged version. After immunoprecipitation with anti-HA or anti-IgG 
antibodies, RT-PCR was quantified using oligos that amplify a region of the 
Slc7a5 proximal promoter, Slc7a5 intron 1 or the Pdk1 region 1 and region 2. 
Data are represented as the change relative to WT8 control cells. The mean is 




 Figure S4. SLC7A5 Protein Expression in Renal Cell Carcinomas and the 
Corresponding Paired Unaffected Kidney Tissue, Related to Figure 5 
Western blot analysis of SLC7A5 expression of 5 sporadic VHL-defective 
CCRCCs and 3 non-clear renal cell carcinomas (NCRCCs), including 
corresponding paired unaffected kidney tissue. NCRCC samples #1 and #2 
were diagnosed as oncocytoma renal cell carcinoma and NCRCC sample #3 
corresponds to a cromophobe renal cell carcinoma. T=Tumor and K= 
unaffected kidney tissue. The two bands indicated (arrowheads) were identified 
as SLC7A5. All CCRCCs used in this analysis (n = 5) were positive for the 
expression of carbonic anydrase IX (CAIX). ERK2 was used as a loading 
control. 
 
 Figure S5. HIF1α and HIF2α Protein Expression in the Lungs upon Vhl 
Gene Inactivation, Related to Figure 6  
(A) Vhl and HIF2 gene expression in the lungs of Vhlfl-UBC-Cre-ERT2 mice (n 
= 5), VhlflHIF2αfl-UBC-Cre-ERT2 mice (n = 5) and the corresponding controls (n 
= 6), normalized to that of Hprt. The mean is shown; error bars represent SEM 
(*p<0.05; ***p<0.001). (B) Protein extracts from the lungs were analyzed by 
Western blots for HIF1α, HIF2α protein levels and actin as loading control.  
 
 
 Figure S6. HIF2α-Dependent mTORC1 Activation in the Liver upon Vhl 
Gene Inactivation, Related to Figure 7  
(A) Vhl and HIF2expressionin the livers of Vhlfl-UBC-Cre-ERT2 (n = 7), 
VhlflHIF2αfl-UBC-Cre-ERT2 (n = 6) and corresponding control mice (n = 7), 
normalized to that of Hprt. The mean is shown; error bars represent SEM 
(***p<0.001). (B) Phospho-rpS6-Ser235/236 immunostaining of liver tissue 
(hepatocytes) from Vhlfl-UBC-Cre-ERT2, VhlflHIF2αfl-UBC-Cre-ERT2 and 
corresponding control mice.  
 Figure S7. mTORC1 Activation by the HIF2α-SLC7A5 Pathway  
The HIF2α oxygen pathway induces the expression of the amino acid carrier 
SLC7A5, which facilitates the amino acid-dependent mTORC1 activity and the 










 Supplemental Experimental Procedures 
DNA constructs. To generate stable transfectants in WT8 cells we used a 
retroviral vector encoding HIF2α P405A;P531A (HIF2α (P-A)2), which is a stable 
HIF2α form lacking critical proline residues that is not recognized by VHL and 
that is therefore constitutively active in normoxic conditions regardless of the 
oxygen tension (Kondo et al., 2003). As an additional control, we used a 
retroviral vector encoding HIF2α (P-A)2bHLH*, which is a version of the stable 
HIF2α (P-A)2 protein that contains a five amino acid substitution within the 
HIF2α basic helix–loop–helix (bHLH) domain, resulting in the loss of its 
transcriptional activity (Kondo et al., 2003; Kondo et al., 2002). Moreover we 
used a retroviral vector encoding the constitutively active form HIF1α 
P402A;P564A (HIF1α (P-A)2) lacking critical proline residues (Yan et al., 2007). 
Viral infection. For retroviral infection, HEK293T cells were transfected with 4 
µg of each retroviral vector and 4 µg of pCL-Ampho Retrovirus Packaging 
Vector (Imgenex) using Lipofectamine 2000 (Invitrogen), according to the 
manufacturer´s instructions. Cell culture supernatants were harvested 48 hours 
after transfection, filtered through a 0.22 µm filter, diluted (1:2) with fresh 
medium containing 6 µg/ml polybrene (final concentration) and added to WT8 
and 786-O cells. This step was repeated during the next 2 days. For lentiviral 
infection, 786-O cells were cultured for 24 hours with commercial lentiviral 
particles, according to the manufacturer´s instructions. 
Western blot and antibodies. Cells were lysed in Laemmli buffer. Pulverized 
mouse livers were homogenized in lysis buffer (50mM Tris HCl, pH 7.4, 
1%Triton X-100, 0.2%SDS, 1mM EDTA) supplemented with an EDTA-free 
protease inhibitor and a phosphatase inhibitor (both from Roche) and protein 
extracts were then quantified. Western blots were performed using 8-12% SDS-
polyacrylamide gels and the membranes were probed with antibodies raised 
against phospho-4EBP1(Thr37/46); phospho-4EBP1(Ser65); 4EBP1; rpS6 
(Ser235/236); rpS6; phospho-p70-S6K (Thr389) and p70-S6K (all purchased 
from Cell Signalling); HIF2α (Abcam, ab199); human HIF1BD Transduction 
laboratories, 610959); mouse HIF1Cayman, 10006421 SLC7A5 (Abcam, 
ab85226); tubulin (T6199, Sigma) or actin (I-19, Santa Cruz, sc-1616). 
Immunolabelling was detected by enhanced chemiluminiscence (SuperSignal 
West Femto Maximum Sensitivity Substrate, Thermo Scientific) and visualized 
with a digital luminescent image analyzer (Image Quant LAS400 mini). 
siRNA-mediated gene silencing. The siRNA experiments were carried out 
using Lipofectamine 2000 (Invitrogen) with SMARTpool siSLC7A5, siRAGA and 
siRAGB siRNAs, non-targeting pool of control siRNAs (siSCR) from 
Dharmacon, MISSION HIF2 siRNA (SASI_Hs_00019152) or MISSION siRNA 
Universal Negative Control #1 from Sigma, at a final concentration of 100 nM.   
RNA extraction and qRT-PCR. Total RNA from cells was isolated using 
Ultraspec. Mouse livers were homogenized in Trizol (Invitrogen) with two 
freeze/thaw cycles. Total RNA was isolated using the RNeasy RNA extraction 
kit (Qiagen). RNA (1 µg) was then reverse-transcribed using Improm-II reverse 
transcriptase (Promega) and polymerase chain reaction (PCR) amplifications 
were performed using a Power SYBR Green PCR Master Mix kit (Applied 
Biosystems). The following primer sets were used: OCT4 (forward, 5´-
GCTTAGCTTCAAGAACATGTGTA-3´; reverse, 5´-
CTCTCACTCGGTTCTCGAT-3´); human SLC7A5 (forward, 5´-
GGAACATTGTGCTGGCATTATACA-3´; reverse, 5´-
CCTCTGTGACGAAATTCAAGTAATTC-3´); bNIP3 (forward, 5´-
GTCTGGACGGAGTAGC-3´; reverse, 5´-GGCCGACTTGACCAAT-3´); mouse 
SLC7A5 (forward, 5´-GTGGAAGAACAAGCCCAAGTG-3´; reverse, 5´-
GGCAGAGCACCGTCACAGA-3´); VHL (forward, 5´-
TCAGCCCTACCCGATCTTACC-3´; reverse, 5´-
ATCCCTGAAGAGCCAAAGATGA-3´); HIF2(forward, 5´-
CCTGGCCATCAGCTTCCTT -3´; reverse, 5´-GGTCGGCCTCAGCTTCAG -3´); 
PGK-1 (forward, 5´-GGTGCTCAACAACATGG-3´; reverse, 5´-
CAATCTGCTTAGCCCGA-3´); hypoxanthine-guanine 
phosphoribosyltransferase-1, human HPRT1 (forward, 5´-
ATTGTAATGACCAGTCAACAGGG-3´; reverse, 5´-
GCATTGTTTTGCCAGTGTCAA-3´); mouse HPRT1 (forward, 5´-
GTTAAGCAGTACAGCCCCAAA-3´; reverse, 5´-AGGGCATATCCAACAAC 
AAACTT-3´). The data were analyzed using StepOne Software version 2.0 
(Applied Biosystems). All values were normalized to Hprt gene expression 
levels. 
Chromatin Immunoprecipitation (ChIP) Assays. Cells were processed as 
described previously (Pescador et al., 2005). For immunoprecipitations, whole 
rabbit serum (IgG control) and a polyclonal anti-HIF2α antiserum (Novus 
Biologicals, NB100-132) or anti-HA (Abcam, ab9110) were used. RT-PCR 
quantification was performed to evaluate HIF2α binding activity to Slc7a5 
proximal promoter or Slc7a5 intron using the following primers: proximal 
promoter (forward, 5´-TCGGTTCTTCCCTCGTC-3´; reverse, 5´- 
GGAACCTAGGCTCCTGT-3´); Intron 1 (forward, 5´-
TTTACGTTCCTGGACCATCC-3´; reverse, 5´-CAAGAGGCTGGGAGTATTGC-
3´). RT-PCR quantification for evaluation of HIF1α binding activity to 
Pdk1regulatory sequences was performed using the following primers 
previously described (Kim et al., 2006; Papandreou et al., 2006): Pdk1 region#1 
positive control (forward, 5´- CGCGTTTGGATTCCGTG-3´; reverse, 5´- 
CCAGTTATAATCTGCCTTCCC TATTATC-3´); Pdk1 region#2 negative control 
(forward, 5´- AAAGGACATTCTACAACGATTCTGC-3´; reverse, 5´- 
CAATTGTCTGGTTACTGAAAGTCTCC-3´). 
Xenograft tumor generation. A total of 18 immunosuppressed SCID mice 
(Charles River) were subcutaneously injected with 786-O cells expressing either 
scrambled shRNA (786-O-shScramble control cells) or SLC7A5 shRNA (786-O-
shSLC7A5). During the exponential growth phase, 786-O cells were trypsinized 
and resuspended in RPMI media without serum. Mice were injected in each 
dorsal flank with 4.4 x 106 cells in 0.2 ml of media. The left flank carried control 
cells and the right flank the shSLC7A5 silenced cells. Starting from 15 days 
after injection, tumor size was measured weekly with digital calipers, in two 
perpendicular diameters. Tumor volume was calculated by using the formula 
[D*d*d]/2, where  ‘D’  is  the  larger  tumor diameter and  ‘d’  the shorter diameter. 
Animals were sacrificed humanely according with the bioethics approval of this 
particular experiment (CBA PA 77_2011-v2).  
Clinical material and protein expression analysis. All cases were reviewed 
and diagnosed according to the criteria of the World Health Organization 
classification. Samples were processed as previously described (Gimenez-
Bachs et al., 2012). Briefly, tissues were disaggregated by using the Polytron 
dispersing System PT-2100 (Kinematica AG, Lucerne, Switzerland) in lysis 
buffer (100mM HEPES, pH 7.5, 50mM NaCl, 0,1% Triton X-100, 5mM EDTA, 
0,125M EGTA). Protease and phosphatase inhibitors (0.2 mg/ml Leupeptin, 2 
mg/ml, Aprotinin, 1mM PMSF and 0.1mM Na3VO4) were added prior to lysis. 
Indicated amounts of protein were loaded onto 6-12% SDS-PAGE, transferred 
to PVDF filters and blotted against different proteins using specific antibodies. 
Total protein was quantified and 100µg of extract from neoplastic tissue and 
adjacent healthy renal tissue were evaluated by Western blotting using 
antibodies against SLC7A5 (Cell signaling, 5347), CAIX (Abcam, ab15086) or 
Erk2 (c-14, Santa Cruz, SC-154). Western blotting against extracellular signal-
regulated kinase-2 (ERK2) was performed as loading control. 
Immunohistochemistry. Lung and liver tissue was paraffin-embedded after an 
overnight fixation in 4% paraformaldehyde. Microwave-induced antigen retrieval 
(15’  at  240W)  was  performed  in  0.01M  sodium  citrate  (pH  6).  Endogenous 
peroxidase and biotin were blocked using 0.3% H2O2 in methanol and an 
avidin/biotin blocking kit (Vector Laboratories), respectively. Sections were 
stained overnight with antibodies against SLC7A5 (1:400, SAB2500586, Sigma-
Aldrich), and phospho-S6 ribosomal protein (1:300, #2211, Cell Signaling 
Technology). Antibody binding was visualized using a LSAB + Peroxidase kit 
with 3,3'-diaminobenzidine as  the chromogen, according  to  the manufacturer’s 
recommendations (Dako). Afterwards, sections were dehydrated and mounted 
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